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INTRODUCTION 

This  report  on  the  program  of  "Targeted  Basic  Studies  of  Ferroelectric 
and  Ferroelastic  Materials  for  Piezoelectric  Transducer  Applications"  covers 
the  5th  and  final  year  of  the  program.  The  format  of  the  report  differs 
significantly  from  that  established  in  earlier  years  of  the  contract  and  the 
presentation  is  made  in  4  major  sections.  Section  I  covers  work  in  the  final 
year  (1982).  Highlights  of  the  results  are  discussed,  but  to  conserve  space, 
only  abstracts  of  papers  published  over  the  year  are  presented.  Section  II 
which  comprises  the  major  part  of  the  report  summarizes  the  most  important 
achievements  over  the  full  five  years  of  the  program.  Key  papers  which  repre¬ 
sent  critical  steps  in  the  forward  progress  are  presented  in  the  appendix. 
Section  III  discusses  the  more  practical  spin  offs  from  the  contract  studies, 
indicating  the  areas  where  ideas  evolved  under  the  basic  contract  are  now 
being  taken  up  for  practical  exploitation  in  industry.  Section  IV  underscores 
a  number  of  opportunities  for  future  study  which  have  been  outlined  by  the 
current  program,  and  attempts  to  delineate  the  relevance  of  a  number  of  the 
contract  studies  to  progress  in  related  areas  of  electroceramics  research. 


1.0  STUDIES  ACCOMPLISHED  IN  THE  CONTRACT  YEAR  1982-83 


1 . 1  Introduction 

Major  accomplishments  in  the  work  over  the  last  year  include: 

1.2  Electrostriction 

(a)  In  precise  measurements  of  electrostriction,  we  have  the  first  clear 
evidence  of  a  frequency  dependence  in  measured  values. 

(b)  From  the  theoretical  studies,  general  relations  have  been  derived  for 
converting  coefficients  derived  in  conventional  formulation  to  those  of  the 
rotational ly  invariant  Toupin  theory.  In  the  microscopic  theory,  it  has  been 
shown  that  anharmonic  many-body  perturbation  theory  in  the  quasiharmonic  pertur¬ 
bation  theory  of  Bruce  and  Cowley^ with  a  realistic  model  for  the  inter¬ 
atomic  forces,  is  adequate  for  the  calculation  of  room  temperature  value  of  the 
electrostrictive  Q  constants  in  perovskites  but  is  completely  unable  to  account 
for  the  experimentally  observed  temperature  variation  of  electrostriciton. 

(c)  A  new  simpler  capacitance  ultradilatometer  has  been  constructed  to 
measure  temperature  dependence  of  electroctriction  in  high  permittivity  solids, 
so  as  to  provide  additional  data  for  verification  of  the  theoretical  models. 

This  new  system  has  been  used  to  explore  electrostriction  in  a  number  of  new 
relaxor  ferroelectric  solids. 

(d )  Detailed  examination  of  the  poling  and  depoling  behavior  in  8:65:35 
PLZTs  with  relaxor  character  has  given  convincing  evidence  for  the  super  para- 
electric  behavior  of  polar  micro  regions  at  temperatures  close  to  the  dielectric 
maximum. 

1 . 3  Piezoelectric  Composites 

(a)  For  3:1  polymer:PZT  composites,  the  effects  of  transverse  reinforce¬ 
ment  upon  the  hydrophone  performance  has  been  explored  in  detail,  and  a  more 
complete  theory  for  the  behavior  developed. 
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(b)  Polar  glass  ceramic  composites  have  now  been  investigated  in  more 
detail  and  shown  to  have  hydrophone  figures  of  merit  close  to  those  of  PVDF. 

The  very  high  stiffness  of  these  materials  (greater  than  single  phase  PZT) 
suggest  that  they  may  have  important  application  in  bimorph  configurations, 
and  in  coupling  electric  fields  into  glass  fibers. 

1.4  Pyroelectric  Materials 

(a)  Examination  of  lead  scandiumtantalate  crystals  and  ceramics  with 
disordered  B  site  cations  shows  clear  evidence  of  an  extrinsic  component  in 
the  pyroelectric  response  which  may  be  traced  to  a  quasi-reversible  order- 
disorder  in  the  polar  micro  regions  under  weak  DC  bias  fields. 

(b)  New  studies  of  modified  tungsten  bronze  Bap.  cSr_  cNb„0,.  show  that 

(J .  0  U .  0  c  0 

small  additions  of  rare  earth  ions  can  have  a  very  marked  effect  enhancing 
the  reversible  pyroelectric  effect. 

1.5  Ferroelectric  Bicrystals 

Work  on  the  LiNb03  bicrystals  has  now  been  completed.  Etching,  dielectric, 
transport  and  thermally  stimulated  current  studies  have  been  used  to  examine 
the  nature  of  the  defect  structure  at  the  bonding  interface.  Modifications  to 
the  piezoelectric  response  in  head-to-head  bonded  crystals  has  been  used  to 
model  the  piezoelectric  dispersion  in  ceramic  Li NbO^ »  and  by  computer  modelling 
give  the  first  clear  proof  of  the  piezoelectric  nature  of  the  high  frequency 
dispersion  in  ferroelectric  ceramics. 

1.6  Crystal  Growth 

(a)  Tungsten  bronze  structure  crystals  in  the  Ba  Pbn  Nbo0,  family  with 

X  l“X  C  0 

compositions  very  close  to  the  tetragonal  orthorhombic  morphotropic  boundary 
have  been  grown,  and  are  being  used  to  verify  a  thermodynamic  model  of  the 
structure  family.  Crystals  just  on  the  tetragonal  side  of  the  boundary  exhibit 


exceedingly  high  valyes  of  d-j5  and  r^  the  piezoelectric  and  linear  electro-optic 
coefficients. 

(b)  Single  crystals  of  barium  titanium  silicate  (Fresnoite)  and  barium 
titanium  germanate  have  been  grown.  A  new  first  order  phase  change  near  0°C 
is  being  explored  in  the  germanate  crystal.  Both  germanate  and  silicate  exhibit 
most  unusual  pyroelectric  behavior  in  both  single  crystal  and  oriented  polycrystal 
glass  ceramic  forms. 

1 . 7  Thermodynamic  Phenomenology 

(a)  New  measurements  of  the  weak  field  response  in  the  paraelectric  phase 
for  a  soft  PZT  501  give  clear  evidence  of  diffuse  phase  transition  behavior. 

This  is  consistent  with  the  very  low  heat  of  transition  reported  for  compositions 
near  morphotropic  and  requires  a  new  modification  of  our  phenomenological  thermo¬ 
dynamic  analysis  for  PZTs. 

(b)  Low  temperature  studies  have  confirmed  that  the  differences  in  piezo¬ 
electric  activity,  coupling  constant  and  permittivity  between  differently  doped 
PZTs  are  extrinsic  and  freeze  out  at  4°K.  Extending  our  original  phenomenology 
to  very  low  temperature  confirms  the  need  for  a  higher  value  of  Curie  constant 
C,  which  is  again  consistent  with  the  observed  diffuse  transition  behavior. 

1.8  Grain  Oriented  Ceramics 

Recent  work  has  concentrated  upon  preparative  techniques  for  developing 
micro  crystals  with  very  high  shape  anisotropy  in  the  families  PbBi‘2Nb20g, 

PbNb^Og  and  Pb-|_xBaxNb20g  by  the  molten  salt  synthesis  technique.  Powders 
developed  for  these  systems  are  being  oriented  for  sintering  by  tape  casting, 
and  are  being  used  as  the  active  component  in  0:3  composites  to  improve  the 
filling  factor  over  that  which  is  possible  with  near  spherical  grain  materials. 


2.0  ELECTROSTRICT ION 


2.1  Precise  Measurements 

Work  has  continued  with  the  high  precision  capacitance  dilatometer  designed 

to  l  2  2) 

originally  by  Uchino  and  Cross'  '  ’  '  '  to  ascertain  the  reason  for  the  unreal¬ 
istically  high  values  of  electrostriction  constants  determined  for  several 

alkali  halides,  and  for  the  lack  of  reproducibility  in  the  measured  data. 

to  3) 

A  proper  kinematic  mounting'  *  '  for  the  spring  loaded  mounting  of  the 

halide  crystal  improved  the  level  and  reproducibility  but  still  some  values  2 

to  5  times  those  expected  were  regularly  observed.  Reviewing  differences 

to  4) 

between  our  own  technique  and  that  of  Bohaty  and  Haussiihl'  ’  '  and  more  recent 
to  5) 

work  of  Luymens'  *  we  note  that  both  the  latter  glued  the  sample  firmly 
into  the  mounting  before  measurement.  Replacing  our  own  spring  mounting  by 
glueing  the  halide  into  place  with  conductive  expoxy  produced  an  immediate 
improvement  in  reproducibility  of  the  experimental  data,  but  values  for  NaCl 
measured  at  7  Hz  were  still  almost  twice  those  of  Bohaty  and  Haussul . 

In  an  attempt  to  reconcile  the  data,  we  have  now  extended  the  frequency 
range  of  our  measurements.  It  is  first  necessary  to  calibrate  the  equipment 
using  quartz  and  our  rotating  capacitance  standard,  so  as  to  eliminate  the 
frequency  dependence  of  the  detector  gain  characteristics.  After  careful 
correction  for  these  effects,  we  observe  a  clear  frequency  dependence  of 
for  NaCl  (Fig.  2.1).  Since  dispersion  of  in  these  crystals  is  very  weak, 
the  strong  frequency  dependence  implies  a  frequency  dependence  of  the  con¬ 
stant. 

It  may  be  noted  that  our  measured  dispersion  in  M  reconciles  our  earlier 
data  with  that  of  Bohaty  and  Haussiihl  which  was  measured  at  higher  frequency  in 
the  range  80  to  160  Hz  and  suggests  a  possible  explanation  for  the  disagreement 
with  the  earlier  data  from  Zheludev^'^  which  was  again  measured  at  still  a 
higher  frequency  (6  kHz). 


FREQUENCY  DEPENDENCE  OF 


Figure  2.1.  Direct  measurement  of  electrostriction  coefficient 
M,,  as  a  function  of  applied  frequency. 


The  present  data  certainly  points  up  the  clear  need  for  more  extensive 
measurements  of  electrostriction  in  simple  solids  which  can  cover  a  wider  fre¬ 
quency  range,  and  the  danger  of  using  numbers  which  are  currently  available 
to  judge  the  validity  of  theoretical  descriptions  of  the  phenomenon.  This  will 
be  taken  up  in  the  discussion  of  possible  future  work. 


2.2  Measurement  of  the  Converse  Electrostriction  in  Perovskite  Halides 


The  pressure  dependence  of  the  dielectric  stiffness  X  has  been  measured 
in  single  crystals  of  KMgF^,  KCaF^,  KMnF^  and  KZnF^  grown  in  this  laboratory. 
The  very  low  electrical  capacitance  which  can  be  achieved  in  samples  of  these 
low  permittivity  solids  required  the  design  of  a  rigorously  guarded  3  terminal 
enclosure  for  the  dielectric  pressure  cell  with  total  stray  capacitance  below 
.0001  pF. 


In  all  the  samples  measured  X  vs  p  is  negative  and  slightly  nonlinear. 

.4, 


The  Qh  have  values  of  order  0.1  m  /c  a  factor  of  10  larger  than  the  oxide 

perovskites,  but  in  good  agreement  with  the  empirical  relation  derived  earlier 
(2.7) 


by  Uchinov  '  .  The  weak  nonlinearity  is  too  large  to  be  explained  by  non¬ 

linearity  in  the  elastic  properties  of  the  halide  perovskites,  and  requires 


the  existence  of  sixth  order  electrostriction  terms.  The  =  4^  +  $123  + 


2$i22  +  ^21  1n  matrix  notation,  are  all  positive  and  of  the  same  order  as  in 
the  alkali  fluorides  and  alkaline  earth  fluorides. 

A  paper  describing  this  work  is  being  submitted  to  the  Journal  of  Applied 
Physics.  The  abstract  is  included  as  Appendix  1. 


2. 3  Temperature  Dependence  of  Dielectric  Permittivity  in  KMnF 

In  the  course  of  examining  the  converse  electrostriction  in  the  perovskite 
halides,  the  dielectric  permittivities  were  measured  over  a  wide  temperature 
range  to  ascertain  any  phase  transitions  which  might  be  driven  by  pressure  and 


9 


perturbs  the  electrostriction  measurement.  In  KMnF^  a  transition  takes  place 
at  186°K  (-37°C)^’ - 10)  ciose-|y  analagous  to  the  110°K  transition  in  SrTiO^- 
Unlike  the  titanate,  however,  we  were  surprised  to  find  a  peak  in  the  dielectric 
permittivity  at  the  transition.  Since  the  lower  temperature  state  is  tetra¬ 
gonal  I4/mcm  and  twinned,  it  is  difficult  to  comment  in  detail,  but  repeated 
cycling  gives  remarkably  reproducible  dielectric  data  suggesting  that  the 
twinning  is  on  a  fine  enough  scale  to  average  out  the  tetragonal  anisotropy. 

A  paper  describing  this  work  has  been  prepared.  The  abstract  is  included 
as  Appendix  2. 

2.4  Basic  Theory 

2.4.1  Introduction 

The  objective  of  this  work  on  the  theory  of  electrostriction  was  to  under¬ 
stand  the  effect  of  crystal  structure,  chemical  composition  and  temperature  on 
the  electrostriction  coefficients  of  ionic  crystals,  especially  ferroelectric 
materials,  in  order  to  optimize  the  electrostriction  coefficients  and,  ulti¬ 
mately,  in  order  to  maximize  the  electromechanical  coupling  factors  of  ferro¬ 
electric  materials  derived  from  centric  prototypes  via  a  systematic  molecular 
engineering  approach. 

2.4.2  Major  Results 

(i)  It  has  been  demonstrated  that  the  microscopic  approach  employed  for 
calculating  electrostriction  coefficients  is  suitable  for  understanding  the 
role  of  cohesive  factors  in  determining  electrostriction.  The  theoretically 

calculated  static  values  of  electrostriction  coefficients  of  alkali  halides^'^ 

(2  1?  2  131 

and  of  several  perovskite  oxide  compounds'  ’  '  are  the  first  such  calcula¬ 

tions  based  on  adequate  theoretical  models  for  the  interatomic  forces. 

(ii)  Use  of  anharmonic  many-body  perturbation  theory  in  the  quasiharmonic 
approximation  of  Bruce  and  Cowley^' ^  in  connection  with  a  realistic  model 


for  the  interatomic  forces  is  adequate  for  calculating  room  temperature  values 
of  electrostriction  coefficients  in  perovskites  provided  experimental  room 
temperature  val  ues  of  the  soft  mode  zone  center  frequency  are  used  as  input 
data^2'1^).  However,  this  theoretical  approach  is  unable  to  account  for  the 
experimentally  observed  temperature  variation  of  the  electrostriction  coeffi¬ 
cients,  even  when  experimental  values  for  the  temperature  dependent  soft  mode 
frequency  are  used  as  input 

(iii)  On  the  basis  of  a  phenomenological  thermodynamic  analysis  and  by 


utilizing  rotationally  invariance  conditions  of  the  nonlinear  elastic 
dielectric^2' has  been  shown^‘ 19)  that  the  noniinear  consti¬ 


tutive  relations  commonly  used  in  the  literature  and  expressed,  for  example, 

in  terms  of  the  elastic  displacement  gradient  and  the  electric  field  are  incon 

sistent  and  involve  nonlinear  elastic,  piezoelectric  and  electrostriction 

coefficients  of  lower  symmetry  than  normally  belongs  to  the  associated  higher 

rank  tensor  quantities^2'10).  On  the  other  hand,  a  consistent  formulation  of 

the  nonlinear  elastic  dielectric  has  been  given  on  the  basis  of  Toupin's 

theory^2'10)  in  terms  of  the  thermodynamic  tensions  and  the  electric  field 

(2  17-2  191 

thermodynamically  conjugate  to  the  material  measure  of  polarization'  '  ’  ' 

These  results  are  consequential  for  the  Landau-Devonshire  theoretical  descrip¬ 
tion  of  ferroelectric  transition  with  strain  present,  such  as,  e.g.  when  the 
strain  dependence  of  the  ferroelectric  Curie  temperature  is  considered.  In 
these  cases  it  is,  for  example,  necessary  to  use  the  material  measure  of  polar 
ization  as  order  parameter,  instead  of  the  usual  polarization  vector,  which  in 
general  is  not  a  proper  thermodynamic  variable. 

(iv)  Based  on  the  above  results  (iii),  a  consistent  theoretical  frame¬ 
work  for  the  experimental  determination  of  electrostriction  coefficients  from 

measurements  of  the  electric  field  dependence  of  the  piezoelectric  constants 
(2  191 

has  been  developed'  ’  ' 


This  method  could  provide  an  alternative  to  the 


dilatometric  technique  presently  in  use  and  perhaps  contribute  to  resolving 
some  of  the  difficulties  encountered  with  this  method. 


2. 5  Electrostriction  in  High  K  Dielectrics 

2.5.1  Ultradilatometer  for  Wide  Temperature  Range 

A  new  simplified  capacitance  dilatometer  has  been  constructed  based  on 

(2  1 1 

the  original  design  of  Uchino  and  Cross'  ‘  '.  To  alleviate  the  need  for  a  DC 
feedback  for  stabilizing  the  measuring  circuit,  and  to  permit  a  wider  tempera¬ 
ture  range  of  operation,  (1)  all  plastic  parts  have  been  replaced  by  ceramic 
or  machinable  glass  ceramics,  (2)  the  sample  support  structure  is  designed  as 
a  thermal  expansion  bridge  circuit  in  which  one  arm  of  the  bridge  can  be  balanced 
by  replacing  the  brass  support  with  a  super  invar  of  very  low  expansion  (Fig.  2.2); 
(3)  guarded  3  terminal  measurement  of  the  sensing  capacitance  is  preserved, 
but  all  plastic  screened  cable  is  replaced  by  ceramic  insulated  coaxial  supports 
in  the  head  unit. 

With  these  modifications,  the  minimum  resolvable  displacement  is  reduced 
to  0.01A,  but  the  temperature  range  over  which  measurements  can  be  made  is 
raised  from  -180°C  to  +250° C. 

2.5.2  Ferroelectric  Relaxors 

To  calibrate  the  new  dilatometer,  samples  of  lead  magnesium  niobate  10% 

lead  titanate  solid  solution  which  had  been  measured  by  Jang  and  Uchino  were 

re-measured.  Even  at  the  low  field  used  in  the  dilatometer  (2  kv/cm  max)  the 

permittivity  is  not  strictly  linear  (Fig.  2.3).  Correcting  the  polarization, 

2 

however,  excellent  linearity  of  P  vs  is  observed  (Fig.  2.4)  and  the  value 
of  the  measured  coefficient  (PMN:10PT  STD)  in  Table  agrees  closely  with 
Jang's  value. 

Improvements  in  the  processing  of  PMN : 1  OPT  by  Shrout  and  Swartz  in  this 
laboratory  (see  Section  II)  have  resulted  in  materials  with  much  reduced 


Figure  2.4.  tlectrostrictive  strain  vs  P 
in  PMN:10%  PT.  “ 
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contamination  with  the  low  permittivity  pyrochlore  structure  phase.  Measure¬ 
ments  of  these  samples  (Table  2.1)  show  improvements  in  the  M  and  Q  coefficients 
by  up  to  a  factor  of  3. 

Due  to  the  courtesy  of  Dr.  Yonezawa  at  Nippon  Electric  Company,  we  were 
supplied  with  samples  of  the  lead  iron  niobaterlead  iron  tungstate  PFN:PFW 
composition  which  NEC  uses  as  a  dielectric  in  multilayer  capacitors  with  silver 
or  high  silver  palladium  electrodes.  The  NEC  material  has  the  dielectric 
characteristics  of  a  ferroelectric  relaxor  (Fig.  2.5)  and  gives  M  and  Q  values 
close  to  those  of  PMN:PT.  The  PFN:PFW  material  has  the  advantage  of  compati¬ 
bility  with  Ag  electrodes,  but  suffers  the  disadvantage  of  a  more  sharply  peaked 
permittivity  leading  to  much  sharper  temperature  dependence  of  the  M^  coeffi¬ 
cients,  and  rather  lower  insulation  resistance. 

2.6  Poling  and  Depolinq  Behavior  in  PLZT  8:65:35  Transparent  Ceramic 

A  detailed  study  (Appendix  3)  of  the  poling  and  depoling  of  PZT  transparent 
ceramics  at  the  7:65:35  and  8:65:35  compositions  shows  that  in  freshly  thermally 
depoled  samples  cooled  to  low  temperature  then  subjected  to  weak  DC  bias,  there 
is  a  new  dielectric  anomaly  on  heating  which  correlates  with  a  loss  of  disper¬ 
sive  character  only  regained  at  the  so-called  a:6  transition  which  occurs  at  a 
temperature  well  below  the  dielectric  maximum  in  these  materials. 

Pyroelectric  current  measurements  show  that  the  low  temperature  anomaly 
corresponds  to  a  build  up  of  macro-polarization  and  the  upper  transition  to  a 
loss  of  macro-polarization. 

The  result  is,  we  believe,  most  important  in  that  it  suggests 

(a)  That  the  change  at  the  a: 6  transition  is  not  a  phase  change  in  the 
usual  sense,  but  corresponds  to  an  ordering  of  polar  micro  regions  disordered 
at  higher  temperature. 

(b)  That  the  materials  can  be  'frozen'  into  the  disordered  state  by  cooling 
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Figure  2.5.  Dielectric  behavior  of  typical 
PFeN:PFeW  ceramic. 
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(c)  That  the  disorder  can  be  overcome  by  moderate  fields  (1-10  kv/cm)  at 
temperatures  much  below  the  a-8  anomaly. 

On  the  Smolenskii  model  for  the  relaxor  behavior,  the  result  would  speak 
strongly  for  a  super  paraelectric  component  in  the  dispersive  permittivity 
since  if  domains  break  down  SPONTANEOUSLY  into  polar  micro  regions,  the  micro 
region  must  be  being  thermally  disordered  at  the  temperature  of  the  a-8  anomaly. 

2. 7  Summary 

Electrostrictive  studies  at  Penn  State  were  summarized  in  the  joint  US:Japan 
seminar  on  Electronic  Ceramics  held  in  Rappongi,  Tokyo,  May  23  -  June  4,  1982. 

An  abstract  of  this  paper  is  included  as  Appendix  9. 


17 


3.0  PIEZOELECTRIC  COMPOSITES 

3. 1  Introduction 

Over  the  past  year,  effort  has  been  focused  upon  compiling  more  extensive 
and  reliable  data  for  a  number  of  the  two  phase  and  three  phase  composites 
which  have  the  potential  for  high  sensitivity  hydrophones.  The  task  is  not 
simple  because  of  the  viscoelastic  nature  of  the  polymer  phase  and  the  non¬ 
linear  hysteretic  nature  of  the  PZT  which  are  major  components  in  the  system 
of  interest. 

To  provide  data  which  mimic  more  closely  the  needs  of  transducer  designers, 
we  have  turned  to  using  a  low  frequency  A.C.  measurement  of  the  gh  which  can  be 
made  in  a  pressure  chamber  under  static  pressures  up  to  1000  psi  (over  6.5  MPa). 
The  objective  has  been  to  authenticate  systems  which  retain  high  sensitivity 
under  pressures  up  to  1,000  psi  for  frequencies  in  the  low  frequency  range  of 
interest. 

Recent  intercomparison  of  data  for  some  of  our  systems  with  values  obtained 
by  Dr.  Ting  at  the  calibration  facility  in  Orlando  show  good  agreement. 

In  the  case  of  the  1:3,  1:3:0  and  transversely  reinforced  1:3  composites, 
the  more  detailed  evaluation  has  been  accompanied  by  a  more  complete  modelling 
of  the  structure  which  gives  a  much  better  understanding  of  the  role  of  the 
Poisson  ratio  in  limiting  the  hydrophone  sensitivity. 

3.2  Piezoelectric  3-3  Composites 

Piezoelectric  ceramic-polymer  composites  with  3:3  connection  have  been  made 
.  (3  1 ) 

using  the  processing  technique  developed  by  Shrout'  '  ' .  The  method  consists 
of  mixing  in  an  appropriate  volume  fraction  of  plastic  spheres  into  the  green 
ceramic,  then  burning  out  the  polymer  in  such  a  manner  as  to  develop  an  inter¬ 
connected  skeletal  structure  of  pores  connected  in  all  3  dimensions.  After 
careful  sintering,  a  porous  equivalent  3  dimensional  skeleton  of  PZT  is  formed 
which  can  then  be  back  filled  by  the  polymer  of  choice  by  vacuum  impregnation. 


i* 
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Using  this  method,  samples  with  PZT:polymer  volume  fractions  over  the 
range  70:30  to  30:70  have  been  fabricated  and  their  dielectric  and  piezoelectric 
properties  measured.  Best  results  were  obtained  with  a  50:50  PZT:silicone 
rubber  combination  which  gave 
Permittivity  K3  =  450 
Piezoelectric  d33  =  150  pC/N 
Piezoelectric  gh  =  45  mVm/N 
Piezoelectric  dh  =  180  pC/N 
and  thus  a  dhgh  product  of  8,100- 10"^  m2/N. 

3.3  Perforated  PZT-Polymer  Composites 

(3  21 

Composites  of  3-1  and  3-2  connectivity  have  been  fabricated  by  Safari'  *  ' 
using  a  technique  of  drilling.  For  typical  samples  optimized  for  hydrophone 
performance 

In  3:1  composites 
K3  =  600 
dh  =  230  pC/N 
gh  =  34  mVm/N 

and  dhgh  =  7,800- 10-1  5m2/N. 

While  for  3:2  composites 
K3  =  300 
dh  =  372  pC/N 
gh  =  123  mVm/N 
and  ghdh  =  45,000- 10"1 5m2/N. 

These  composites  are  extremely  rugged  and  show  almost  no  change  with  hydro¬ 
static  pressures  up  to  more  than  6  MPa  (1,000  psi). 


3.4  Piezoelectric  Composites  of  1:3  Connectivit 


3.4.1  Introduction 

Recent  studies  have  concentrated  upon  the  possibility  of  improving  the 
simple  1:3  PZT:polymer  composite  for  hydrophone  application  by  the  technique 
of  transverse  reinforcement.  The  reason  for  the  study  is  that  it  is  evident 
even  from  very  simple  stress  analysis,  that  the  effective  axial  stress  trans¬ 
fer  to  the  PZT  rods  in  the  1:3  configuration  can  be  very  adversely  effected 
by  the  transverse  components  of  the  hydrostatic  stress  acting  through  the 
Poisson  ratio  of  the  supporting  three  dimensionally  connected  polymer  phase. 
Since  particularly  the  soft  polyurethane  and  silicone  rubber  polymers  have 
high  Poisson  ratio,  it  is  composites  involving  these  phases  which  may  benefit 
most  from  transverse  support. 

3.4.2  Experimental  Studies 

The  experimental  data  have  been  presented  earlier,  but  for  comparison 
with  the  model  studies  are  repeated  here.  Figure  3.1  shows  the  influence  of 
glass  fiber  reinforcement  on  a  1:2:3  composite  of  PZT  501 :glass :spurrs  epoxy 
resin  at  the  5%  PZT  volume  fraction.  Figure  3.2  shows  the  same  figure  but  for 
a  Devcon  polyurethane  polymer.  Figure  3.3  shows  the  influence  of  foaming  the 
polymer  to  soften  and  reduce  the  Poisson  ratio  v.  In  Figure  3.4,  additional 
transverse  stiffening  has  been  effected  by  encapsulating  the  Devcon  polyurethan 
sample  in  a  rigid  epoxy  case. 

Measurements  were  in  each  case  made  by  the  DC  charge  release  method  but 
for  each  sample  more  than  10  runs  up  to  100  psi  were  carried  out  before  the 
final  measuring  run  so  as  to  eliminate  initial  depoling.  The  number  of  samples 
measured  for  each  family  is  given  on  the  figure. 

No  irreversible  degradation  was  observed  after  the  initial  depolarization. 


In  earlier  analysis  of  the  1:3  composites,  the  polymer  phase  was  assumed 
to  be  so  much  more  compliant  than  the  PZT  that  its  stiffness  could  be  neglected. 


These  early  models  also  neglected  the  effects  of  internal  stresses  in  the 
polymer  and  not  surprisingly  predicted  enhancement  of  the  figure  of  merit  dhg^ 
significantly  higher  than  was  measured  in  real  material  combinations. 

A  new  more  complete  modeling  has  now  been  accomplished  by  M.  Haun.  Again 
perfect  bonding  of  polymer  and  PZT  are  assumed,  and  the  condition  of  constant 
strain  in  the  two  phases  is  assumed.  However,  the  model  does  take  account  of 

(a)  The  elastic  properties  of  the  polymer  phase. 

(b)  The  elastic  properties  of  the  PZT. 

(c)  The  elastic  properties  of  a  glass  fiber  used  to  provide  transverse 

reinforcement  in  a  1:2:3  phase  connection. 

(d)  Modification  of  the  elastic  properties  of  the  polymer  phase  which 
can  be  effected  by  foaming. 

(e)  Internal  stress  effects  due  to  Poisson's  ratio  are  included. 

(f)  To  simplify  calculations,  both  reinforcing  phase  and  porosity  are 
taken  on  an  equivalent  rectangular  volume. 

To  see  directly  the  effects  of  changing  the  fiber  reinforcement  and  the 
volume  fraction  of  PZT  in  the  composites,  three  dimensional  surfaces  have  been 
calculated  for  several  of  the  more  interesting  cases. 

In  Figure  3.5,  the  dhgh  figure  of  merit  for  a  PZTrepoxy  composite  (ps  = 
2.9-10*10  m*7N,  pv  =  0.35)  is  mapped  on  the  vertical  axis  as  a  function  of 
volume  fraction  of  PZT  and  volume  fraction  of  glass  fibers.  Maximum  sensitivity 
of  11,100  x  10~15  m^/N  occurs  for  10.8%  PZT  and  10.2%  glass. 

Figure  3.6  plots  the  theoretical  sensitivity  for  a  polyurethane:glass:PZT 
1:2:3  composite  (ps  =  1.10*®  m®/N,  Pv  =  0.48).  Notice  now  that  because  of  the 


high  Poisson  ratio  of  the  polymer,  the  zero  volume  fraction  axis  of  glass  rein¬ 
forcement  has  almost  no  sensitivity  irrespective  of  the  PZT  content  while 
because  of  the  very  large  compliance  of  the  polymer  only  a  small  volume  fraction 
of  glass  is  needed  to  relieve  the  transverse  stress.  Theoretical  maximum  in 
dhgh  occurs  at  0.45  vo1%  PZT  and  4.7%  volume  fraction  of  glass  with  a  values 
759,000  x  10"15  m2/N. 

Further  softening  the  polymer  and  reducing  Poissons  ratio  by  foaming  to 

20  volumes  air  enhances  the  sensitivity,  and  produces  significant  sensitivity 

at  0  reinforcement  (ps  =  1x10”®  m2/N,  pv  =  0.48°,  °v  =  0.20).  Now  a  maximum 

-15  ? 

sensitivity  of  1,105,000  x  10  m  /N  occurs  at  0.35  vol  percent  PZT  and  3.5% 
glass  fibers  (Fig.  3.7). 

3.4.4  Discussion 

To  compare  more  directly  the  measured  and  calculated  performances,  cuts 
of  the  three  dimensional  surfaces  at  the  5  vol%  PZT  are  given  in  Figure  3.8, 
and  an  expanded  scale  for  the  unfoamed  epoxy  cut  at  the  5  volume%  PZT  in 
Figure  3.9. 

In  the  PZT:epoxy  composite,  the  trend  of  data  is  very  well  described  by 
the  theory,  though  the  absolute  values  are  only  ^50%  of  the  theoretical  expecta¬ 
tion. 

For  the  polyurethane  and  foamed  urethane  samples,  the  much  stronger 
influence  of  transverse  reinforcement  in  the  soft  polymer  is  clearly  evident 
though  in  the  unencapsulated  case  the  absolute  values  are  much  lower.  Here, 
we  believe  the  discrepancy  is  due  to  a  fabrication  problem  which  makes  it  very 
difficult  to  finish  the  samples  for  electroding  without  breaking  some  of  the 
finer  rods.  Encapsulation  not  only  permits  additional  transverse  reinforcement, 
but  also  allows  a  reasonable  surface  finish  without  disastrous  consequences  for 
the  internal  structure.  In  this  case,  the  measured  values  are  given  within  a 
factor  2  of  theoretical  expectation  and  the  trend  is  similar  to  theory. 


Volume  Fraction  Glass 


Figure  3.8.  Theory  for  5%  PZT 


Volume  Fraction  Glass 


Figure  3.9.  Theory  for  5%  PZT 
(Expanded  Scale). 


Perhaps  the  major  frailty  of  the  analysis  is  now  the  assumption  of  common 
strain  in  polymer  and  PZT  in  the  polar  direction,  which  probably  accounts  for 
this  discrepancy. 

The  more  detailed  theory  does  point  up  the  cardinal  advantage  of  trans¬ 
verse  reinforcement  in  the  1:2:3  composites  and  supports  the  earlier  contention 
of  the  importance  of  the  Poisson  ratio  of  the  softer  polymer  phase. 

3. 5  Polar  Glass  Ceramics 

3.5.1  Introduction 

(3334) 

Bhalla  and  Halliyal'  *  '  have  recently  developed  a  completely  new  family 
of  piezoelectric  polycrystal  materials  which  are  polar  but  not  ferroelectric. 

In  their  method,  a  glass  of  suitable  composition  is  recrystallized  in  a  very 
strong  temperature  gradient.  The  gradient  of  the  scalar  T  produces  a  driving 
force  which  gives  strong  preference  to  crystal  nuclei i  of  a  given  polarity,  so 
that  a  polar  phase  being  crystallized  from  the  glass  is  strongly  oriented. 

The  polar  texture  in  these  oriented  glass  ceramics  necessarily  implies 
pyroelectric  and  piezoelectric  properties. 

3.5.2  Application  of  Piezoelectrics 

In  the  fresnoite  (f^TiS^Og)  and  its  germanium  analogue  Ba2TiGe,,0g,  both 

the  silicate  and  germanate  can  be  quenched  from  above  the  melting  temperature 

to  a  glassy  state.  By  careful  control  of  temperature  and  temperature  gradient, 

the  glass  can  be  recrystallized  with  a  very  strong  polar  texture.  Measurements 

of  the  hydrostatic  pressure  sensitivity  under  AC  pressure  at  50  Hz  give  gh 

.3 

values  of  MOO  to  120  x  10  Vm/N  taken  with  the  very  low  permittivity  K  'v  10 

- 1 2  -152 

gives  dh  %  16.10  C/N  and  these  figure  of  merit  d^g^  n,  1,800-10  m  /N  com¬ 
parable  to  PVDF. 

The  very  high  stiffness  of  the  glass,  and  the  firm  polar  (non-ferroelectric) 
character  of  the  polarization  give  an  effective  immunity  to  hydrostatic  pressure 


to  much  greater  than  10  MPa.  This  very  high  stiffness  in  the  glass  ceramic 
-11  2 

(s -j i  ^  0.9-10  m  /N)  taken  together  with  the  low  permittivity  suggest  that 
the  glass  ceramic  might  be  used  as  a  piezoelectric  stressing  medium  in  combina¬ 
tion  with  a  glass  fiber  to  generate  a  fiber  optic  electric  field  sensor. 
Preliminary  calculations  suggest  that  the  stiff  glass  would  be  more  than  20 
times  more  effective  than  PVDF  in  this  type  of  system. 

/ 

3.6  Summary 

A  recent  summary  of  the  status  of  piezoelectric  composites  has  been  given 


by  Newnham  at  the  joint  US: Japan  Seminar  on  Electroceramics  in  Rappongi ,  Tokyo, 
May  1982.  The  abstract  for  this  paper  is  included  as  Appendix  10. 


4.0  PYROELECTRIC  MATERIALS 


4. I  Micro  Composites 

In  the  relaxor: ferroelectric  lead  scandium  tantalate,  the  two  B  site  cations 

3+  5+  (414  21 

Sc  and  Ta  can  be  ordered  by  long  thermal  anneal ingv  *  ’  '  .  In  disordered 

states,  the  single  crystal  and  ceramic  show  diffuse  transition  relaxor  behavior. 

For  the  ordered  state,  the  phase  transition  is  sharp  and  first  order. 

Thermal  depoling  of  the  disordered  ceramic  occurs  over  a  very  wide  tempera¬ 
ture  range  and  the  slope  of  static  3P/3T  would  correspond  to  a  very  large  pyro¬ 
electric  coefficient.  Clearly,  however,  most  of  this  effect  will  be  irreversible, 
however,  under  a  DC  bias  field  on  the  Smolenskii  model  for  the  disordered  con¬ 
dition,  there  will  be  a  competition  between  field  ordering  and  thermal  disordering 
of  the  polar  micro  regions.  If  at  low  frequency  (MO  Hz)  the  thermal  disordering 
of  the  smaller  regions  is  fast  enough,  it  should  contribute  an  extrinsic  (micro 
domain)  enhancement  of  the  reversible  pyroelectric  effect.  To  test  for  this 
possibility,  it  is  necessary  to  use  the  Chynoweth  method  to  separate  reversible 
from  irreversible  components  of  the  pyroelectric  response:  and  since  the  Chynoweth 
response  depends  on  the  ratio  p/e,  where  p  is  the  reversible  pyroelectric  effect 
and  e  the  dielectric  permittivity, it  is  necessary  to  study  also  the  effects  of 
DC  bias  on  the  low  frequency  permittivity. 

The  results  are  reported  in  detail  in  the  paper  of  Appendix  11  for  the 
dielectric  response,  and  in  Appendix  12  for  the  pyroelectric  effect. 

In  summary,  disordered  (relaxor)  PbSc^ /2^al /2^3  s^ows  a  ver-Y  strong  enhance¬ 
ment  of  Chynoweth  pyroelectric  response  under  DC  bias,  the  ordered  crystal  shows 
no  such  effect.  The  dielectric  data  indicates  clearly  tha>.  the  level  of  enhance¬ 
ment  in  the  relaxor  cannot  be  accounted  for  by  the  DC  bias  dependence  of  the 
dielectric  permittivity  and  thus  we  conclude  that  micro-polar  regions  do  con¬ 
tribute  on  extrinsic  component  to  the  response. 


23 


It  will  be  of  real  interest  to  experiment  with  partial  ordering  in  the 
PST  system  as  it  is  unlikely  that  we  have  the  maximum  possible  extrinsic  response 
in  these  preliminary  studies. 

4.2  'Doped'  Tungsten  Bronze  and  TGS  Structure  Single  Crystals 

From  the  earlier  studies  of  Brezina^'^  and  of  Keve^’^,  it  is  possible 
to  modify  the  pyroelectric  response  in  triglycine  sulphate  by  doping  with  metal 
ions,  or  by  substitution  of  a  fraction  of  the  glycine  by  alanine.  Perhaps  the 
most  illustrative  of  the  mechanism  of  change  is  the  work  of  Keve  on  the  alanine 
substitution.  In  his  studies,  Keve  showed  that  if  levo-alanine  is  substituted, 
the  side  group  imparts  a  strong  unidirectional  bias  to  the  hysteresis,  just  as 
if  the  crystal  were  subjected  to  a  strong  electrical  bias,  while  if  racemic 
alanine  is  incorporated  into  the  TGS,  the  loop  splits  into  oppositely  biased 
segments. 

In  our  studies,  single  crystals  of  strontium  barium  niobate  at  the 

3+ 

Ba0  5SrQ  composition  were  modified  by  the  incorporation  of  Nd  during 

the  growth  process.  Comparison  of  doped  and  undoped  crystals  using  the  Byer- 
Roundy  method  show  that  an  optimum  composition  improves  the  room  temperature 
pyroelectric  coefficient  from  500  to  800  pc/m°K. 

For  triglycine  sulphate,  we  have  been  studying  the  possible  substitution 
3,4* 

of  (PO^)  and  (AsO^)  for  the  sulphate  group.  To  facilitate  poling,  the 
crystals  were  grown  from  a  single  domain  alanine  doped  seed  at  temperatures 
below  the  Curie  point.  For  a  12  mole%  substitution  of  H-^PO^)  for  f^SO^,  the 
crystal  shows  an  enhancement  of  room  temperature  pyroelectric  coefficient  from 
350  10  ®  MKS  to  950* 1 0” ^  MKS  and  a  figure  of  merit  P/K  more  than  2  x  TGS.  A 
more  detailed  account  of  this  work  will  be  presented  at  ISAF  83.  The  abstract 
for  the  paper  is  appended  as  Appendix  13. 
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5.0  FERROELECTRIC  BICRYSTALS 

i  5.1  Introduction 

Work  on  the  ferroelectric  bicrystals  formed  by  hot  pressure  bonding  at 

LiNbO^  single  crystal  plates  at  temperatures  below  the  Curie  temperature  Tc 

i  has  now  been  completed.  Maintaining  the  temperature  at  1100°C  under  a  uniaxial 

^  6  2 

pressure  of  10  N/m  ,  excellent  uniform  bonding  was  achieved  for  ' c '  cut  plates 
with  the  polar  axis  in  head-to-head  (H-H),  tail-to-tail  (T-T)  and  head-to-tail 
^  (H-T )  configurations,  both  with  'a'  axes  aligned  and  with  'a'  axes  twisted 

through  90°  (H-H'),  etc. 

5.2  Summary  of  Work 

I  Detailed  etching  studies  reveal  that  using  the  thermal  bonding  under  short 

circuited  electrical  condition,  the  domain  structure  of  (H-T)  bonded  crystals 
is  completely  preserved.  For  (H-H)  and  (T-T)  configuration,  the  major  features 
|  are  preserved,  but  a  moving  of  the  domain  wall  across  the  bonding  plane  is  often 

observed.  Details  of  the  study  are  given  in  Appendix  14. 

Dielectric  properties  show  little  change  in  the  real  part  of  the  permittivity 
|  K' ,  but  a  significant  change  enhancing  the  transport  dominated  loss  at  higher 

temperature.  Crystals  bonded  in  the  (H-H ‘ )  twisted  configuration  show  a  new 
dielectric  loss  maximum.  Details  of  the  dielectric  studies  are  given  in 
I  Appendix  15,  and  a  confirmation  of  the  model  for  the  proposed  defect  structure 

in  the  boundary  region  given  from  the  analysis  of  thermally  stimulated  currents 
taken  both  parallel  and  perpendicular  to  the  boundary  (Appendix  15). 

I  A  most  interesting  spin  off  from  the  bicrystal  work  came  from  the  reali¬ 

zation  that  (H-H)  and  (T-T)  bonded  crystals  preserved  their  individual  piezo¬ 
electric  thickness  mode  resonances,  while  (H-T)  bonded  bicrystals  resonanted 
I  as  a  whole.  This  suggested  that  LiNbO^  might  be  used  as  a  model  ceramic  to 

explore  in  a  quantitative  manner  the  way  in  which  the  damped  resonances  of 


the  individual  grains  would  influence  the  frequency  dependence  of  the  impedance 
of  the  ceramic. 

Model  ceramics  with  a  narrow  distribution  of  grain  sizes  were  made  up, 
using  both  mixed  oxide  and  liquid  salt  processed  powders. 

Dielectric  impedance  measurements  gave  a  clear  indication  of  damped 
resonant  character  in  the  massive  dispersion  of  both  real  and  imaginary  parts 

of  the  permittivity  for  frequencies  near  the  resonance  point  for  the  mean 

* 

grain  diameter. 

Making  use  of  the  IBM  ECAP  computer  analysis  routine  for  complex  circuits, 
and  a  special  folding  technique  to  multiply  the  number  of  nodes  that  the  routine 
can  handle, it  was  found  to  be  possible  to  calculate  directly  from  the  known 
single  crystal  parameters,  and  the  known  grain  size  distribution  impedance  as 
a  function  of  frequency. 

Using  only  the  damping  factors  as  adjustable  parameters,  it  was  possible 
to  match  the  measured  impedance  curve  to  better  than  +5%  over  the  whole  measured 

Q 

frequency  range  from  100  Hz  to  10  Hz  (Appendix  17). 

We  believe  that  these  calculations  give  the  first  clear  proof  of  the 
importance  of  piezoelectric  grain  resonance  for  the  dispersion  at  high  frequencies 
which  is  found  in  all  ferroelectric  ceramics. 

These  studies  were  a  part  of  the  Ph.D.  thesis  for  Dr.  Yao  Xi,  and  it  is 
gratifying  to  report  that  this  thesis  was  chosen  as  one  of  the  two  outstanding 
Ph.D.  theses  across  the  whole  materials  field  at  Penn  State  and  that  Dr.  Yao  Xi 
was  a  recipient  of  the  Xerox  Award  for  1982. 


6.0  CRYSTAL  GROWTH 


6. 1  Introduction 

The  new  Crystalox  crystal  growth  system  which  was  provided  under  this  con¬ 
tract  has  been  used  to  grow  the  following  crystals  by  Czochralski  pulling  from 
the  melt. 

(1)  Tungsten  bronze  crystals  in  the  Pb^_xBaxNb20g  solid  solution  family, 
with  emphasis  upon  composition  close  to,  but  on  the  tetragonal  side  of  the 
morphotropic  boundary  near  PbQ  gBaQ  ^I^Og. 

(2)  Single  crystals  of  Fesnoite  Ba2TiSi 20q  and  of  the  germanium  analogue 
Ba2TiGe20g.  These  crystals  have  been  needed  to  complement  studies  of  the  glass 
ceramics  in  these  compositions. 

(3)  Perovskite  type  fluorides  including  KMgFg,  KZnFg,  KMnFg  and  KCaFg. 
These  fluoride  crystals  have  been  the  subject  of  study  in  the  program  to  measure 
fundamental  electrostriction  constants. 

6.2  Lead  Barium  Niobate 

In  the  crystal  growth  experiments  the  material  used  were  Specpure  grade 
PbO,  BaCOg  and  I^Og.  These  were  weighed  out  in  stoichiometric  proportions  for 
Pbi_xBaxNb206  with  x  s^i9htly  larger  than  0.4,  then  wet  milled  in  ethanol  for 
12  hours.  The  slurry  was  air  dried  then  fired  in  alumina  at  650°C  for  4  hours, 
to  ensure  the  lead  was  fully  oxidized  before  loading  into  the  platinum  growth 
crucible.  The  growth  crucible  was  40  mm  diameter  and  height  with  parallel 
sides,  and  was  supported  in  a  fibrous  alumina  collar.  A  radiation  shield  of 
similar  alumina  was  used  to  even  the  temperature  above  the  crucible.  The 
furnace  was  RF  heated  at  370  kHz. 

Growth  conditions  included  a  pulling  rate  of  2  mm/hour,  with  rotation  at 
10  rpm.  As  grown  crystals  were  annealed  by  slow  programming  the  system  to  room 
temperature  over  12  hours.  The  crystals  grown  were  transparent,  yellowish  in 
color  with  dimensions  up  to  10x5x8  mm. 
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More  details  of  growth  and  characterization  are  given  in  Appendix  18. 

6.3  Fresnoite  and  Analogues 

Ba2TiSi20g  and  the  germanium  analogue  Ba2TiGe20g  have  been  grown  by  pulling 
from  the  stoichiometric  melt.  In  each  case  specpure  grade  chemicals  were  weighed 
in  the  required  proportions  using  BaCOg,  T i 02  and  Si 02  as  starting  powders.  The 
charges  were  first  calcined  at  1080°C  in  an  oxidizing  atmosphere  before  transfer 
to  the  pulling  crucible. 

For  the  silicate,  the  pulling  speed  was  1  mm/hr  with  shaft  rotation  at  30 
rpm  and  the  crucible  not  rotating.  The  high  viscosity  of  the  melt  at  the  melt¬ 
ing  temperatures  requires  very  low  pulling  rate  but  is,  of  course,  essential  for 
the  glassy  form  which  is  of  interest  in  the  composite.  Crystals  up  to  5  mm  in 
diameter  1  cm  long  were  pulled  for  initial  study. 

In  the  Ba2TiGe20g,  the  melting  temperature  is  significantly  lower  markedly 
assisting  in  the  growth  process.  Runs  to  date  used  a  pulling  rate  of  0.5  mm/hr 
and  seed  rotation  at  25  rpm. 

In  both  germanate  and  silicate,  only  the  c  axis  seeds  have  so  far  been 

used. 


6.4  Perovskite  Halides 

Crystals  which  have  been  grown  on  this  program  from  the  mixed  halide 
components  include  KMgFg  (KF.MgFg),  KZnFg  (KF.ZnFg)  and  KCaFg  (KF,CaF2).  For 
these  materials,  the  problems  are  much  different  from  those  of  the  more  familiar 
oxides.  A  major  difficulty  is  the  exclusion  of  water  (OH)  from  the  growth 
chamber  and  from  the  initial  compositions  without  the  complication  and  expense 
of  reactive  atmosphere  processing. 

Conditions  for  growth  are  briefly  summarized  in  Table  6.1. 


7.0  THERMODYNAMIC  PHENOMENOLOGY 


7. 1  Dielectric  Measurements 

Several  interesting  new  developments  in  the  evolution  of  the  thermodynamic 
phenomenology  have  taken  place  due  to  our  extension  of  dielectric  and  piezo¬ 
electric  measurements  over  a  much  wider  temperature  and  frequency  range  in  PZTs 
and  PLZTs. 

The  very  soft  commercial  donor  doped  PZT  501  is  a  remarkably  electrical 
insulator,  and  we  have  been  able  to  take  weak  field  permittivity  data  up  to 
700°C  to  obtain  reliable  stiffness  measurements. 

For  a  PLZT  composition  8.6:80:20  with  very  small  manganese  doping,  we  find 
a  most  interesting  well  developed  relaxation  in  the  paraelectric  permittivity 
before  the  normal  grain:grain  boundary  dispersion.  In  two  sets  of  measurements 
to  low  temperature,  it  is  clear  that  PbZrOg.'PbTiOg  compositions  of  differing 
Zr:Ti  ratio  freeze  out  to  different  values  in  intrinsic  dielectric  and  piezo¬ 
electric  response,  while  doped  compositions  with  the  same  Zr : Ti  ratio,  which 
show  strongly  dissimilar  room  temperature  piezoelectric  and  dielectric  responses 
show  almost  identical  intrinsic  low  temperature  values. 

7.2  Dielectric  Measurements  on  'Soft'  PZT 

In  the  course  of  studies  of  a  new  possible  poling  method  for  soft  PZTs 
(Appendix  19),  it  became  desirable  to  better  characterize  the  dielectric  and 
transport  properties.  We  were  surprised  to  find  very  high  values  of  resistivity 
which  permitted  poling  by  cooling  through  Tc  under  field  and  also  enable  weak 
field  permittivity  measurement  at  100  kHz  to  temperatures  above  700°C. 

Data  for  a  PZT  501  formulation  is  given  in  Figure  7.1,  with  the  reciprocal 
susceptibility  in  Figure  7.2.  It  is  immediately  apparent  that  the  high  tempera- 
ture  Curie  Weiss  behavior  (C  "v  1.5-10  )  breaks  down  completely  in  the  vicinity 
of  T  and  the  transition  is  quite  diffuse.  Attempts  to  fit  the  data  to  a 
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Gaussian  distribution  of  Curie  temperatures  Tc  were  not  successful,  and  we 
have  been  unable  to  deconvolute  the  curve  to  find  the  effective  Curie  constant 
for  the  Devonshire  function. 

7.3  PLZT  Relaxations 

Dielectric  measurements  on  ceramics  of  the  composition  8.6:80:20  PLZT 
modified  with  0.05  mole%  Mn0£  show  a  most  unusual  high  temperature  relaxation. 
Weak  field  permittivity  as  a  function  of  frequency  and  temperature  is  shown 
in  Figure  7.3,  and  the  associated  loss  curves  in  Figure  7.4.  It  would  appear 
from  the  loss  curves  that  the  relaxation  is  thermally  activated,  and  is  of  a 
form 


where  v  is  the  measured  relaxation  frequency,  vQ  a  basic  lattice  frequency  and 
E  the  activation  energy.  Then  analysis  of  the  data  gives 

E  *  0.84  eV  vQ  ^  2.7- 1 01 0  Hz 

For  the  steeply  ascending  loss  at  higher  tempearture,  however,  E  ^  3.2  eV. 

The  pre-exponential  vQ  looks  very  low  for  a  lattice  frequency,  suggesting 
that  the  loss  maximum  is  of  the  Maxwell  Wagner  type,  but  the  second  up  turn  in 
tan  6  probably  indicates  that  this  is  not  the  normal  grain:grain  boundary 
heterogeneity.  It  will  be  interesting  to  look  more  closely  at  the  nanostruc¬ 
ture  of  these  samples  to  see  if  defect  ordering,  order  disorder  in  Zr:Ti  or 
heterogeneity  dictate  this  Maxwell  Wagner  component. 

7.4  Dielectn'c  Properties  of  PZTs  at  Low  Temperature 
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in  the  permittivity  appears  to  mark  the  morphotropic  phase  boundary  and  point 
up  a  weak  temperature  dependence.  Values  at  freeze  out  (4°K)  are  difficult 
for  different  Zr:ti  ratios.  A  complete  description  is  given  in  the  paper  of 
Appendix  20. 

For  a  range  of  commercial  doped  PZTs,  measurements  over  a  similar  tempera¬ 
ture  range  show  freeze  out  to  consistent  values  at  4°K  independent  of  the  dopant 
type.  We  believe  that  the  values  at  4°K  are  essentially  averages  of  the  intrinsic 
single  domain  values  and  this  argument  is  taken  up  in  Section  II.  Details  of 
the  experiments  are  given  in  the  paper  of  Appendix  21. 


8.0  GRAIN  ORIENTED  CERAMICS  AND  OTHER  PREPARATIVE  STUDIES 


8. 1  Introduction 

Work  on  grain  orientation  has  concentrated  upon  efforts  to  exploit  shape 
anisotropy  in  single  crystals  grown  from  liquid  salt  to  provide  grain  orienta¬ 
tion  mostly  during  processing  in  the  green  state  of  the  ceramic.  Two  families 
of  compounds  have  been  explored,  the  bismuth  oxide  layer  structures  in  which 
the  growth  anisotropy  is  platey,  and  the  tungsten  bronze  families  which  give 
rise  to  acicular  rod  like  crystallites. 

Other  preparative  work  has  been  concerned  with  the  need  to  generate  pure 
PbMg^2Nb2/3^3  ar|d  PbTiO^  containing  solid  solutions  free  from  the  low  permit¬ 
tivity  pyrochlore  modification.  A  small  effort  was  given  over  to  producing 
phase  pure  pyrochlore  modification  of  PMN,  so  as  to  be  better  able  to  charac¬ 
terize  its  properties. 


8.2  Grain  Oriented  Bismuth  Oxide  Layer  Structures 

Earlier  work  to  produce  grain  oriented  BigWOg  ceramics  by  the  molten  salt 
process  is  discussed  in  Appendix  22,  however,  attempts  to  pole  this  composition 
proved  difficult.  More  recently,  effort  has  shifted  to  PbBi2Nb20g  (Appendix 
23)  where  a  high  degree  of  shape  anisotropy  was  achieved.  In  this  system, 
simple  hot  pressing  was  used  to  produce  samples  of  excellent  orientation  factor 
with  densities  greater  than  96%  theoretical.  Poling  was  quite  effective  in  these 
samples  using  a  special  oxidation  step  to  reduce  conductivity,  and  piezoelectric 
properties  slightly  better  than  the  poled  single  crystal  were  obtained. 


8.3  Grain  Oriented  Tungsten  Bronze  Materials 

Initial  work  was  carried  out  on  PbNbgOg  again  using  liquid  salt  processing, 
tape  casting  to  produce  orientation,  and  final  uniaxial  or  isostatic  hot  pressing 
to  achieve  densities  up  to  95%  theoretical.  Properties  superior  to  randomly  axed 
PbN  samples  were  obtained.  This  work  is  discussed  in  Appendix  24. 
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8.4  Fabrication  of  PbMq^ 

From  a  study  of  the  kinetics  of  formation  of  the  pyrochlore  and  perovskite 
modifications  of  PbMg^gNb^gO^  (^MN)  during  calcining  from  mixed  oxides,  it 
becomes  evident  that  the  pyrochlore  forms  early  in  the  reaction  sequence  and 
is  difficult  to  eradicate  by  later  heat  treatment.  It  appeared  probable  that 
early  reaction  of  PbO  with  Nb^O^  forms  the  defect  pyrochlore  leaving  some  of 
the  MgO  unreacted.  Pre-forming  MgNb20g  from  the  reaction 

MgO  +  Nb20g  -  MgNb20g 

to  tie  in  the  magnesium,  then  reacting  with  PbO  through 


3PbO  +  MgNb206  -  Pb3MgNb209 

to  give  the  perovskite  form,  proved  a  highly  successful  method  to  eliminate  the 
pyrochlore  phase  (Appendix  25). 

The  pyrochlore  phase  was  traced  to  have  a  defect  composition 


Pb1.83Nb1.71M90.29°6.39 

an  anion  deficient  pyrochlore  in  space  group  Fd3m  with  lattice  parameter  a  = 

o 

10.599A,  a  low  dielectric  constant  of  e  =  130  with  a  weak  relaxation  maximum 
at  a  temperature  near  20°K  (Appendix  26). 
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9.0  RECENT  STUDIES  NEARING  COMPLETION 
Abstract  of  a  number  of  topics  which  have  been  completed  but  are  not  yet 

fully  written  up  have  been  included.  These  are  mostly  for  papers  to  be  presented 

at  ISAF  83  and  at  EMF  5,  so  that  written  versions  of  these  papers  will  be 

published  shortly  in  the  issues  of  Ferroelectrics  covering  these  meetings. 

The  Papers  are: 

Appendix  27  -  "Electrostriction"  by  L.E.  Cross. 

Appendix  28  -  "Electrostriction  and  Its  Relationship  to  Other  Properties  in 
Perovskite-Type  Crystals"  by  K.  Rittenmyer,  A.S.  Bhalla,  Z.P. 

Chang  and  L.E.  Cross. 

Appendix  29  -  "Direct  Measurement  of  Electrostriction  in  Perovskite  Type 
Ferroelectrics"  by  M.  Shishineh,  C.  Sundius,  T.  Shrout  and 
L.E.  Cross. 

Appendix  30  -  "The  Effects  of  Various  B-Site  Modifications  on  the  Dielectric 

and  Electrostrictive  Properties  of  Lead  Magnesium  Niobate  Ceramics" 
by  D.J.  Voss,  S.L.  Swartz  and  T.R.  Shrout. 

Appendix  31  -  "Perforated  PZT  Composites  for  Hydrophone  Applications"  by 
A.  Safari,  S.  DaVanzo  and  R.E.  Newnham. 

Appendix  32  -  "Transversely  Reinforced  1-3  Piezoelectric  Composites"  by  M.J.  Haun, 
T.R.  Gururaja,  W.A.  Schulze  and  R.E.  Newnham. 

Appendix  33  -  "PZT-Polymer  Composite  Transducers  for  Ultrasonic  Medical  Applica¬ 
tions"  by  T.R.  Gururaga,  W.A.  Schulze,  L.E.  Cross,  B.A.  Auld, 

June  Wang  and  Y.A.  Shui. 

Appendix  34  -  "Glass-Ceramics:  New  Materials  for  Hydrophone  Applications"  by 
A.  Halliyal,  A.  Safari  and  A.S.  Bhalla. 

Appendix  35  -  "Pyroelectric  Property  of  Ph^^Ta^^  Ceramics  Under  DC  Bias" 
by  Chen  Zhili,  Yao  Xi  and  L.E.  Cross. 
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Appendix  36  -  "Electrical  Poling  and  Depoling  Studies  on  the  Relaxor-Ferroelectric 
8:65:35  PLZT"  by  Zhili  Chen,  Vao  Xi  and  L.E.  Cross. 

Appendix  37  -  "Pyroelectric  Properties  of  the  Modified  Triglycine  Sulphate  (TGS)" 
by  A.S.  Bhalla,  C.S.  Fang,  L.E.  Cross  and  Yao  Xi. 

Appendix  38  -  "Pyroelectric  and  Piezoelectric  Properties  of  SbSI: Composites" 
by  A.S.  Bhalla  and  R.E.  Newnham. 

Appendix  39  -  "A  New  Family  of  Grain  Oriented  Glass-Ceramics  for  Piezoelectric 
and  Pyroelectric  Devices. by  A.  Halliyal  and  A.S.  Bhalla. 

Appendix  40  -  "Low  Temperature  Pyroelectric  Properties"  by  A.S.  Bhalla  and 
R.E.  Newnham. 

Appendix  41  -  "The  Growth  and  Properties  of  a  New  Alanine  and  Phosphate 

Substituted  Triglycine  Sulphate  (ATGSP)  Crystal"  by  C.S.  Fang, 

Yao  Xi,  Z.X.  Chen,  A.S.  Bhalla  and  L.E.  Cross. 

Appendix  42  -  "Some  Interesting  Properties  of  Dislocation  Free  Single  Crystals 

of  Pure  and  Modified  SrQ  gBaQ  gNb^Og"  by  Llu  and  Bha^a- 

Appendix  43  -  "The  Ferroic  Phase  Transition  Behavior  of  Pb(ZrQ  gTiQ  4)C>3"  by 
A.  Amin  and  L.E.  Cross. 

Appendix  44  -  Dielectric  and  Piezoelectric  Properties  of  Tungsten  Bronze  Lead 
Barium  Niobate  (Pb^a-j^Nb^Og)  Single  Crystals"  by  T.R.  Shrout, 

H.C.  Chen  and  L.E.  Cross. 

Appendix  45  -  "Relationship  of  Crystallographic  Polarity  to  Piezoelectric,  Pyro¬ 
electric  and  Chemical  Etching  Effects  in  Li2Ge03  and  LiGaO^  Single 
Crystals"  by  A.S.  Bhalla,  L.L.  Tongson  and  R.E.  Newnham. 

Appendix  46  -  "Specific  Heat  of  SbSI"  by  M.E.  Rosar,  W.A.  Smith  and  A.  Bhalla. 

Appendix  47  -  "Magnetic-Field  Dependence  of  the  Soft-Mode  Frequency  in  KTa03 


at  20K"  by  W.N.  Lawless,  C.F.  Clark  and  S.L.  Swartz. 
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APPENDIX  1 

93.  ELECTROSTRICTION  IN  FLUORIDE  PEROVSKITES 
Journal  of  Appl ied  Physics  (Submitted) 


ELECTROSTRICTION  IN  FLUORIDE  PEROVSKITES 


K.  Rittenmyer,  Z.P.  Chang,  A.S.  Bhalla  and  L.E.  Cross 

Abstract 

Values  of  the  hydrostatic  electrostriction  constant  Qh  =  +  2Q^  have 

been  measured  for  the  perovskite  structure  fluorides  KCaF^,  KMnF^,  KMgF^  and 

KZnF_,  by  measuring  the  hydrostatic  pressure  dependence  of  the  dielectric  stiff- 

J  4  2 

ness.  The  measured  Qh  values  range  from  0.28  to  0.85  m  /c  and,  as  expected 

from  theory,  are  more  than  one  order  of  magnitude  larger  than  corresponding  Qh 

values  in  the  oxide  perovskites.  Nonlinearity  in  the  pressure  dependence  of 

the  stiffness  is  too  large  to  be  explained  by  elastic  nonlinearity  and  a  sixth 

order  electrostriction  is  invoked  to  explain  the  observed  behavior. 
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TEMPERATURE  DEPENDENCE  OF  THE  DIELECTRIC  CONSTANT  OF  KMnF3 
K.  Rittenmyer,  A.S.  Bhalla  and  L.E.  Cross 

Abstract 

Dielectric  measurements  on  single  crystals  of  KMnF^  show  a  clear  dielectric 
maximum  at  the  phase  transition  at  186°K.  This  phase  change  between  Pm3m  and 
I4/mcm  symmetry  has  been  shown  by  Gesi^  to  be  due  to  the  condensation  of  a 
soft  phonon  mode  at  the  R  point  of  the  Brillouin  zone,  and  to  be  analogous  to 
the  105°K  transition  in  SrTi03.  In  the  absence  of  mechanical  stress,  the  lower 
temperature  state  is  twinned,  however,  the  dielectric  properties  are  reproducible 
upon  cycling  through  the  transition  so  that  the  twinning  must  be  on  a  fine 
enough  scale  to  effectively  average  out  the  tetragonal  anisotropy. 


K.  Gesi,  J.D.  Axe,  and  G.  Shirane,  Phys.  Rev.,  B5,  1933  (1972). 


I 


>**  « ^  mmm 


49 


APPENDIX  3 

95.  THERMODYNAMIC  DEFINITION  OF  HIGHER  ORDER 
ELASTIC,  PIEZOELECTRIC  AND  DIELECTRIC  COEFFICIENTS 

Physical  Review  B  (to  be  published) 


THERMODYNAMIC  DEFINITION  OF  HIGHER  ORDER 
ELASTIC,  PIEZOELECTRIC  AND  DIELECTRIC  COEFFICIENTS 

G.R.  Barsch,  B.N.N.  Achar  and  L.E.  Cross 
Abstract 

The  thermodynamic  definition  of  the  higher  order  elastic  coefficients 
according  to  Brugger^  is  generalized  to  the  nonlinear  elastic  dielectric.  The 
electrostriction  coefficients  and  the  higher  order  elastic  and  dielectric 
coefficients  are  defined  as  derivatives  of  the  pertinent  thermodynamic  potentials 
w.r.t.  the  proper  electric  and  elastic  field  variables. 

Two  sets  of  material  coefficients  are  introduced:  one  in  terms  of  the 
deformation  gradient  and  the  dielectric  polarization  (or  their  conjugate 
variables:  Piola-Kirchhoff  stress  tensor  and  electric  field),  and  the  second 

2 

in  terms  of  the  Lagrangian  strain  tensor  and  the  material  measure  of  polarization 
(or  their  conjugate  variables:  thermodynamic  tension  and  material  measure  of 
field).  Since  the  thermodynamic  potentials  of  the  first  set  are  not  automatically 
rotationally  invariant,  their  associated  material  coefficients  do  not  have  the 
full  tensor  symmetry  of  those  of  the  second  set,  which  are  derived  from  auto¬ 
matically  rotationally  invariant  potentials.  As  a  consequence,  the  number  of 
independent  material  coefficients  in  the  first  set  is  higher  than  in  the  second. 

General  relations  for  converting  the  various  material  coefficients  within 
each  of  the  two  sets  and  from  one  set  to  another  are  derived  and  explicitly 
given  for  0h  symmetry. 

IK.  Brugger,  Phys.  Rev.  133,  A1611  (1964). 

2r.A.  Toupin,  J.  Rat.  Mech.  Anal.  !5,  849  (1956). 
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PROPAGATION  OF  SMALL  AMPLITUDE  ELASTIC  WAVES  IN  A 
HOMOGENEOUSLY  STRESSED  AND  POLARIZED  DIELECTRIC  MEDIUM 

G.R.  Barsch,  B.N.N.  Achar  and  L.E.  Cross 
Abstract 

Based  on  Toupin's  theory  of  the  nonlinear  elastic  dielectric1,  the  electro¬ 
elastic  constitutive  relations  and  the  equations  of  motion  pertaining  to  the 
propagation  of  small -amplitude  elastic  waves  in  a  non-polar  nonlinear  elastic 
dielectric  medium  subjected  to  a  finite  initial  elastic  deformation  and  dielectric 
polarization  are  derived.  All  magnetic  effects,  including  retardation,  are 
neglected.  In  addition,  the  difference  between  isothermal  and  isentropic 
quantities  is  ignored. 

The  equations  so  derived  provide  the  basis  for  the  experimental  determina¬ 
tion  of  the  strain  and  field  derivatives  of  the  elastic  and  piezoelectric  con¬ 
stants  (including  electrostriction  constants)  from  ultrasonic  velocity  or 
mechanical  resonance  frequency  measurements  on  homogeneously  polarized  and 
strained  dielectric  crystals.  In  addition,  these  equations  are  required  to 
derive  lattice  theoretical  expressions  for  the  above  quantities  (see  Abstract 
No.  5). 

^.A.  Toupin,  Int.  J.  Engng.  Sci .  1_,  101  (1963). 
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APPENDIX  5 

97.  LATTICE  THEORY  Of  THE  NONPOLAR  NONLINEAR  ELASTIC 
DIELECTRIC  IN  THE  SHELL  MODEL 

Physical  Review  B  {to  be  published) 


LATTICE  THEORY  OF  THE  NONPOLAR  NONLINEAR  ELASTIC 
DIELECTRIC  IN  THE  SHELL  MODEL 

B.N.N.  Achar  and  6.R.  Barsch 

Abstract 

Expressions  for  the  first  order  anharmonic  coefficients  in  the  effective 
constitutive  relations  of  the  nonpolar  nonlinear  elastic  dielectric  pertaining 
to  a  small  deformation  and  electric  field  superimposed  on  a  finite  initial 
deformation  and  electric  field  have  been  derived  for  the  static  shell  model 
by  means  of  the  method  of  long  waves.  They  comprise  the  electrostriction, 
nonlinear  dielectric,  elasto-optic  and  electro-optic  coefficients  and  the  strain 
and  electric-field  derivatives  of  the  piezoelectric  and  second  order  elastic 
constants  and  may  easily  be  generalized  for  any  anharmonic  shell  model  in  which 
both  inter-ionic  and  intra-ionic  anharmonicity  is  included. 


SHELL  MODEL  CALCULATION  OF  ELECTROSTRICTION 
COEFFICIENTS  OF  ROCKSALT-TYPE  ALKALI  HALIDES 


B.N.N.  Achar  and  G.R.  Barsch 

Abstract 

The  electrostriction  constants  and  the  photoelastic  constants  of  rocksalt- 
type  alkali  halides  have  been  calculated  for  a  variety  of  rigid  ion  models  and 
shell  models,  with  and  without  many-body  interactions,  and  with  and  without 
intra-ionic  anharmonicity  included.  For  the  electrostriction  constants  none 
of  the  models  considered  can  account  satisfactorily  for  the  experimental  data 
of  Bohaty  and  Hauss'uhl ,  especially  for  f^  and  f^«.  Moreover,  in  spite  of  the 
inclusion  of  intra-ionic  anharmonicity  the  calculated  electrostriction  constants 
do  not  differ  drastically  from  values  calculated  on  the  basis  of  a  rigid-shell 
model  with  many-body  forces  included,  although  a  perfect  cit  of  the  photo-elastic 
constants  can  be  obtained  in  this  case.  One  may  therefore  conclude  (a)  that 
inclusion  of  intra-ionic  anharmonicity,  while  essential  for  the  photoelastic 
constants,  is  only  of  minor  importance  for  the  electrostriction  constants, 

(b)  that  the  effect  of  many-body  forces,  while  apparent  in  the  second  and  third 
order  elastic  constants,  is  only  small  for  the  electrostriction  constants,  at 
least  in  alkali  halides,  and/or  (c)  that  the  experimental  electrostriction  data 
for  the  alkali  halides  could  be  seriously  in  error. 

To  substantiate  conclusion  (b),  we  have  applied  Keating's  model  of  angle 
bending  forces  up  to  third  order  in  the  four  anion-cation-anion  angles  of  the 
rocksalt  structure.  The  results  indicate  that  as  a  result  of  the  crystal 
symmetry  these  angle  bending  forces  do  not  contribute  to  the  anharmonic  poten¬ 
tial  energy  in  the  rocksalt  structure.  Thus  the  many-body  forces  present  in 
the  rocksalt  structure  must  be  of  a  more  general  nature.  Furthermore,  the  role 
of  thermal  effects  on  the  electrostriction  constants  in  alkali  halides  is 
unknown. 


TEMPERATURE  VARIATION  OF  ELECTROSTRICTION  OF  SrTi03 
B.N.N.  Achar  and  G.R.  Barsch 

Abstract 

The  hydrostatic  electrostriction  coefficient  of  SrTiO^  has  been  calculated 
as  a  function  of  temperature  on  the  basis  of  anharmonic  many-body  perturbation 
theory  in  the  quasi  harmonic  approximation  (QHA)  of  Bruce  and  Cowley1.  Although 
the  anharmonic  shell  model  employed  properly  includes  Coulomb  anharmonicity 
(and  thus  is  an  improvement  over  the  model  of  these  authors1)  it  does  not 
accurately  reproduce  the  temperature  dependence  of  the  and  R25  phonon 
frequencies.  Using,  therefore,  experimental  temperature  dependent  phonon  fre¬ 
quencies  as  input  gives  very  good  agreement  with  experiment  for  the  R.T.  value 
of  the  electrostriction  coefficient,  but  not  for  its  temperature  derivative. 

This  discrepancy  seems  to  arise  mostly  from  the  limitations  of  the  QHA,  rather 
than  those  of  the  model  employed. 

"'a. D.  Bruce  and  R.A.  Cowley,  J.  Phys.  C:  Solid  State  Phys.  J5,  2422  (1973). 
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LEAD  LANTHANUM  ZIRCONATE  TITANATE  CERAMICS 

Journal  of  Applied  Physics  (accepted) 


POLARIZATION  AND  DEPOLARIZATION  BEHAVIOR  OF  HOT  PRESSED 
LEAD  LANTHANUM  ZIRCONATE  TITANATE  CERAMICS 

Yao  Xi,  Chen  Zhili  and  L.E.  Cross 
Abstract 

A  detailed  study  of  the  polarization  and  depolarization  behavior  of 
7:65:35  and  8:65:35  lead  lanthanum  zirconate  titanate  (PLZT)  transparent 
ceramics  under  DC  bias  and  constant  heating  rates  has  been  carried  out.  The 
dielectric  permittivity  exhibits  a  new  anomaly  near  0°C  in  freshly  thermally 
depoled  samples  which  is  associated  with  a  build  up  of  macrodomains  and  the 
development  of  a  remanent  polarization.  From  continuity  of  the  dispersive 
behaviors  it  is  suggested  that  the  dielectric  change  at  the  so-called  a-B 
transition  Td  is  not  a  conventional  phase  change,  but  rather  is  a  loss  of 
macro-ordering  and  a  decay  back  to  a  disordered  microdomain  texture. 


61 


APPENDIX  9 

101.  NEW  DEVELOPMENTS  IN  PIEZOELECTRIC  AND  ELECTROSTRICTIVE  MATERIALS 

Joint  US: Japan  Seminar  on  Electroceramics 
Rappongi,  June  1982 


NEW  DEVELOPMENTS  IN  PIEZOELECTRIC  AND  ELECTROSTRICTIVE  MATERIALS 


L.E.  Cross 

Abstract 

Electrostriction  is  the  basic  electromechanical  coupling  in  all  centric 
crystals  and  in  glasses,  and  is  responsible  for  the  'morphic'  piezoelectric 
parameters  in  all  ferroelectric  ceramics.  Recent  work  to  correct  the  defini¬ 
tion  of  electrostriction,  to  improve  the  measurement  of  electrostriction  in 
simple  solids,  to  correlate  electrostriction  with  other  anharmonic  properties 
of  insulators  and  to  develop  an  adequate  theoretical  model  for  electrostric¬ 
tion  in  the  perovskites  will  be  briefly  reviewed. 

Work  on  a  thermodynamic  Gibbs  function  to  describe  the  PbZrO^^PbTiO^  solid 
solution  system  will  be  discussed,  and  new  low  temperature  measurements  of 
dielectric  and  piezoelectric  parameters  to  4.2°K  presented. 

Practical  application  of  piezoelectrics  and  electrostrictive  materials 
to  high  strain  micro-positioners  and  multi-position  mirrors  will  be  described. 
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102.  PIEZOELECTRIC  COMPOSITES 

Joint  US:Japan  Seminar  on  Electroceramics 
Rappongi,  June  1982 


PIEZOELECTRIC  COMPOSITES 


R.E.  Newnham 

Abstract 

The  concepts  of  Curie  group  symmetry,  and  interphase  connectivity  have  been 
used  to  explore  macrostructures  of  possible  interest  as  piezoelectric  composites. 
Based  on  these  design  considerations,  polymer- ceramic  composites  have  fabricated 
with  3-3  phase  connectivity  by  the  replication  of  natural  template  structures 
such  as  coral,  and  by  a  simplified  fabrication  technique  based  on  the  mixing 
volatil izable  plastic  spheres  and  PZT  powder.  Perforated  1-3  and  2-3  composites 
were  made  drilling  holes  in  solid  PZT  and  back-filling  with  polymer.  Alternatively, 
they  can  be  made  as  extruded  honeycomb  structures.  Polymer-ceramic  composites 
with  1-3  phase  connectivity  were  made  by  embedding  PZT  rods  or  PZT  spheres  in 
various  polymers.  A  modified  connectivity  model  with  1-3-0  phase  connectivity 
was  introduced  to  reduce  the  Poisson  contraction  problem  found  in  1-3  composites. 

In  1-3-0  composites,  voids  were  introduced  into  the  polymer  matrix  by  a  foaming 
process  or  by  mixing  in  hollow  glass  microspheres.  Lateral  stiffening  with 
glass  fibers  is  another  useful  approach,  resulting  in  1-2-3  or  1 -2-3-0  composites. 
Many  of  these  composites  are  superior  to  single-phase  piezoelectric  for  hydro¬ 
phone  applications.  Compared  to  solid  PZT,  they  have  higher  hydrostatic  piezo¬ 
electric  coefficients,  lower  permittivities,  and  lower  densities  which  can  some¬ 
times  be  adjusted  to  neutral  buoyancy  in  seawater. 

More  complex  composites  are  required  for  high-frequency  applications.  A 
continuous  poling  technique  has  been  developed  to  pole  thin  PZT  fibers  and 
ribbons.  These  are  assembled  to  form  multiply-poled  piezoelectric  transducers 
(MUPPETs)  or  d^5  ultrasonic  shear  sensor  (DOFUSS)  devices  with  a  wide  variety 
of  geometries  and  applications. 


THE  DIELECTRIC  PROPERTIES  OF  Pb(Sc1/2Ta1/2)03  AND  Pb(Sc1/2Ta1/4Nb1/4)03 

CERAMICS  UNDER  DC  BIAS 


Journal  of  the  American  Ceramic  Society  (accepted) 


THE  DIELECTRIC  PROPERTIES  OF  Pb(Sc1/2Ta1/2)03  AND  Pb(Sc1/2Ta1/4Nt>1/4)03 

CERAMICS  UNDER  DC  BIAS 

Chen  Zhili,  Yao  Xi  and  L.E.  Cross 
Abstract 

Earlier  studies  have  shown  that  in  lead  scandium  tantalate  Pb(Sc1y2Ta^2)03 
(PST)  and  in  the  solid  solution  lead  scandium  niobate  tantalate  at  the  composi¬ 
tion  Pb(Sc^2Ta^4Nb^4)03  (PSNT)  which  form  in  the  cubic  perovskite  structure, 
the  degree  of  ordering  of  the  different  B  site  cations  of  the  AB03  structure 
can  be  controlled  thermally. 

In  this  study  the  weak  field  dielectric  permittivity  has  been  explored  as 
a  function  of  DC  bias  fields  up  to  20  KV/cm  over  a  temperature  range  of  the 
order  of  100°C  about  the  dielectric  permittivity  maximum  in  both  ordered  and 
disordered  samples  of  PST  and  PSNT.  Distinction  in  properties  between  disordered 
and  ordered  cation  structures  are  clearest  in  pure  PST,  but  persist  in  the  PSNT 
solid  solution  and  are  explained  by  the  ordering  of  polar  micro  regions  under 
bias  in  the  disordered  samples. 
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REVERSIBLE  PYROELECTRIC  EFFECT  IN  Pb(Sc1/2Ta1/2)03  CERAMICS  UNDER  DC  BIAS 

Chen  Zhili,  Yao  Xi  and  L.E.  Cross 

Abstract 

It  has  been  shown  that  quenched  Pb(Sc-|/2Tai/2^3  disordered  ceramics 

and  crystals  show  diffuse  dispersive  dielectric  properties,  while  well  annealed 
ordered  materials  exhibit  normal  sharp  first  order  transition.  The  pyroelectric 
depolarization  measurements  taken  using  a  Hewlett  Packard  Model  4140B  picoammeter/ 
DC  Source  under  computer  controlled  heating  cycle  also  have  shown  different 
behaviors  between  disordered  and  ordered  materials. 

In  this  work  pyroelectric  measurements  by  Chynoweth  method  under  DC  bias 
up  to  1.8  KV/mm  within  a  temperature  range  of  70°C  around  the  temperature  of 
maximum  dielectric  constant  have  been  studied.  A  very  significant  enhancement 
of  the  pyroelectric  signal  under  DC  bias  is  observed  in  thermally  quenched 
disordered  samples.  The  largest  enhancement  of  the  signal  appears  at  tempera¬ 
tures  some  degrees  below  the  temperature  of  maximum  dielectric  constant. 

The  existence  of  microdomains  in  disordered  materials  is  believed  to  be 
responsible  for  this  new  extrinsic  component  of  reversible  pyroelectricity. 

The  large  reversible  pyroelectric  effect  is  a  promising  phenomenon  for 
developing  new  pyroelectric  devices. 
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THE  GROWTH  AND  PROPERTIES  OF  A  NEW  ALANINE  AND  PHOSPHATE  SUBSTITUTED 
TRIGLYCINE  SULPHATE  (ATGSP)  CRYSTAL 


C.S.  Fang*,  Yao  X i  ,  Z.X.  Chent  and  L.E.  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  PA  16802 


ABSTRACT 

A  modified  alanine  doped  triglycine  sulphate  (ATGS)  crystal  has  been 
grown  with  partial  substitution  of  H2SO4  with  H^PO^.  Growth  of  the 
ATGSP  crystal  from  a  unipolar  ATGS  seed  in  the  temperature  range  30-40°C 
gives  a  unipolar  bulk  crystal  with  lower  permittivity  (er  ^  30)  and 
higher  pyroelectric  coefficient  (6.5-1 0-^  c/k.nr)  than  pure  TGS.  In 
the  doping  range  used,  the  higher  pyroelectric  coefficient  is  traced  to 
a  significantly  larger  spontaneous  polarization  P$  (^5  yc/cm  at  room 
temperature) .  Tangent  6  is  below  0.01  over  the  whole  frequency  range 
from  100  Hz  to  100  KHz. 


DOMAIN  CONFIGURATION  ANO  PIEZOELECTRIC  BEHAVIOR  OF  LITHIUM  NIOBATE  BICRYSTALS 


YAO  XI*,  R.E.  NEWNHAM  and  L.E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University 
Park,  PA  16802 


Abstract-Domain  configurations  in  lithium  niobate  bicrystals  have  been  studied 
by  chemical  etching.  The  single  domain  status  of  linking-type  bicrystals  is 
completely  preserved,  while  in  encountering-type  bicrystals,  a  complicated  . 
adjustment  always  takes  place  with  domains  shifting,  domains  splitting  and  the 
creation  of  new  needle-like  microdomains.  The  effects  of  the  bicrystal  boundary 
on  the  piezoelectric  behavior  is  also  described.  The  bicrystal  boundary  does 
not  terminate  the  in-phase  piezoelectric  vibrations  in  linking  type  bicrystals, 
but  it  does  isolate  the  out-of-phase  vibrations  in  encountering  type  bicrystals. 


DIELECTRIC  BEHAVIOR  OF  LITHIUM  NIOBATE  BICRYSTALS 


Yao  Xi,  R.E.  Newnham,  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT 

The  temperature  and  frequency  dependence  of  dielectric  properties 
of  lithium  niobate  bi crystals  are  compared  to  those  of  the  single 
crystal.  A  sharp  increase  of  loss  tangent  of  bicrystal  at  low 
frequency  and  high  temperature  dominated  by  electrical  conduction 
has  been  observed,  while  the  loss  tangent  spectra  of  the  single 
crystal  are  featureless.  Dielectric  relaxation  has  been  observed 
in  twisted  encountering  bicrystals.  The  activation  energies  of 
electrical  conduction  and  dielectric  relaxation  have  been  esti- 
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THERMALLY  STIMULATED  CURRENT  IN  LITHIUM  NIOBATE  BICRYSTALS 

Yao  XI*  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

i 

Abstract 

Thermally  stimulated  current  both  perpendicular  and  parallel  to  the  boundary 
surface  of  lithium  nlobate  bicrystal  have  been  measured.  The  TS  currents  are 
related  to  the  trapped  charge  carriers  at  lattice  defects  in  the  boundary  region 
of  enocuntering  type  bicrystals.  Three  kinds  of  traps  with  single,  double  and  a 
continuous  distribution  of  depth  have  been  observed.  The  trap  depths  are  in  the 
range  of  0. 9-1.1  eV.  A  potential  barrier  structure  is  discussed  in  terms  of  an 
atomistic  model  for  the  disturbed  boundary  region. 


*Visiting  scientist  from  Xian  Jiaotong  University,  Xian,  China. 
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109.  THE  INFLUENCE  OF  PIEZOELECTRIC  GRAIN  RESONANCE  ON 
THE  DIELECTRIC  SPECTRA  OF  LiNbO-j  CERAMICS 

Journal  of  the  American  Ceramic  Society  (accepted) 


The  Influence  of  Piezoelectric  Grain  Resonance  on 
the  Dielectric  Spectra  of  LiNbOj  Ceramics 

Yao  Xi,  H.  McKinstry  and  L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University. 

University  Park,  PA  16802 

Abstract 

It  has  often  been  suggested  that  the  higher  frequency  dispersion  (f  *v  10^  'v* 

g 

10  Hz)  evident  in  the  dielectric  response  of  high  permittivity  ferroelectric 
ceramics  might  be  associated  with  piezoelectrically  driven  resonant  mechanical 
motion  of  individual  grains.  The  hypothesis  certainly  appears  reasonable,  but 
so  far  no  direct  verification  appears  to  have  been  attempted.  Our  discovery 
that  the  individual  crystallite  resonances  are  well  preserved  in  poled  LiNbO-j 
bicrystals  suggested  that  we  explore  the  dispersion  of  LiNb03  ceramics.  In 
both  conventionally  sintered  and  uniaxially  hot  pressed  ceramics,  the  dielectric 
dispersion  around  10  Hz  has  obvious  resonant  character.  Using  a  modified  ECAP 
computer  program  we  are  able  to  demonstrate  that  both  the  re  a'1  and  imaginary 
components  of  the  impedance  can  be  quantitatively  described  using  the  equivalent 
circuit  models  for  the  coupled  individual  grain  resonances. 


FERROELECTRIC  PROPERTIES  OF  TUNGSTEN  BRONZE  LEAD  BARIUM  NIOBATE  (PBN)  SINGLE 
CRYSTALS 


T.R.  SHROUT  and  L.E.  CROSS 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University 
Park,  PA  16802 


O.A.  HUKIN 

Clarendon  Laboratory,  Oxford  University,  Oxford,  England  0X1  3PU 


Abstract-A  ferroelectric  tungsten  bronze  single  crystal  of  Pbo.33Bao. 70^2^6  was 
grown  from  a  melt  using  the  Czochralski  technique.  The  crystal  belongs  to  the 
tetragonal  point  group  4mm  with  the  spontaneous  polarization  parallel "to  the  1  c' 
axis.  The  room  temperature  lattice  parameters  were  a  *  12.50  A  and  c  *  3.995  A. 
The  spontaneous  polarization  was  found  to  be  0.40  C/m2°c.  The  Curie  transition 
was  350*C  as  determined  from  the  temperature  dependence  of  the  dielectric  con¬ 
stants.  The  pyroelectric  properties  were  found  to  be  typical  of  other  tetra¬ 
gonal  ferroelectric  bronzes.  Dielectric  constant  e-j-j  and  piezoelectric  constant 
di5  show  a  strong  enhancement  from  the  approach  of  the  tetragonal : orthorhombic 
morphotropic  phase  boundary  and  it  is  clear  that  crystals  with  composition  in 
the  tetragonal  phase  field  closer  to  this  boundary  will  be  of  major  interest  for 
piezoelectric  and  electro-optic  applications. 
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LOW  FIELD  POLING  OF  SOFT  PZTs 
T.R.  Shrout,  A.  Safari  and  W.A.  Schulze 

Abstract 

The  inherent  high  electrical  resistivity  of  donor  doped  or  "soft"  PZT's 
enables  them  to  be  poled  using  the  field  cooling  method.  The  electric  fields 
required  for  poling  were  reduced  by  a  factor  of  five  as  compared  to  fields 
used  in  conventional  poling.  Dielectric  and  piezoelectric  properties  are 
reported. 
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112.  DIELECTRIC  AND  PIEZOELECTRIC  PROPERTIES  OF  PURE 
LEAD  TITANATE  ZIRCONATE  CERAMICS  FROM  4.2  TO  300°K 
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Dielectric  and  Piezoelectric  Properties  of  Pure 
Lead  Titanate  Zirconate  Ceramics  from  4.2  to  30Q°K 
X.L.  Zhang,  Z.X.  Chen,  L.E.  Cross  and  W.A.  Schulze 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 

Abstract:  The  dielectric  and  piezoelectric  properties  (D-P  properties)  of  pure 
lead  titanate  zirconate  piezoelectric  ceramics  (PZTs)  with  compositions  close 
to  the  morphotroplc  phase  boundary  (MPB)  have  been  measured  from  4.2  to  300°K. 
The  results  are  shown,  as  expected,  that  the  dielectric  and  piezoelectric 
activity  are  sharply  peaked  at  the  composition  of  the  MPB,  and  It  Is  evident 
that  both  intrinsic  single  domain  and  extrinsic  domain  motion  contribute  to 
this  enhancement  which  does  not  'freeze  out'  altogether  even  at  4°K.  The  50/50 
composition  has  anomalous  temperature  responses  of  the  D-P  properties  with  a 
knee  In  the  curve  near  150°K,  suggesting  that  the  MPB  may  in  fact  be  shifting 
position  slightly  towards  PT  richer  composition  at  low  temperature. 
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3.  DIELECTRIC  AND  PIEZOELECTRIC  PROPERTIES  OF  MODIFIED 
LEAD  TITANATE  ZIRCONATE  CERAMICS  FROM  4.2  TO  300°K 
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Modified  Lead  Titanate  Zirconate  Ceramics  from  4.2  to  3Q0°K 


X.L.  Zhang,  Z.X.  Chen,  L.E.  Cross  and  W.A.  Schulze 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 

Abstract:  The  dielectric  and  piezoelectric  properties  (d-p  properties)  of  four 
kinds  of  doped  lead  titanate  zirconate  piezoelectric  ceramics  (PZTs)  have  been 
measured  from  4.2  to  300°K.  The  d-p  properties  of  the  materials  converge  with 
decreasing  temperature  down  to  liquid  helium  temperature,  even  though  the  pro¬ 
perties  have  large  differences  at  room  temperature.  The  values  of  mechanical 
and  electrical  quality  factors  Qe,  Qn  and  of  the  frequency  constant  N  of  the 
materials  Increased  at  low  temperature.  It  is  evident  from  the  freeze  out  in 
K'  and  the  associate  temperature:  frequency  dependent  max-fma  in  tan  6  that  the 
relaxation  processes  including  ferroelectric  domain  wall  motion  and  thermal 
defect  motion  contribute  to  the  d-p  properties.  The  Navy  type-III  composition 
has  a  minimum  temperature  coefficient  of  d-p  parameters  and  it  is  evident  that 
PZT  ceramics  modified  with  Fe^O^  can  provide  good  stability  and  also  give  the 
strongest  piezoelectric  response  at  liquid  helium  temperature. 
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FABRICATION  OF  GRAIN-ORIENTED  BigWOg  CERAMICS 
T.  Kimura,  M.H.  Holmes  and  R.E.  Newnham 

Abstract 

Grain-oriented  BigWOg  ceramics  were  fabricated  by  normal  sintering  techni¬ 
ques.  Platelike  crystallites  were  initially  synthesized  by  a  fused  salt  process 
using  an  NaCl-KCl  melt.  When  calcined  at  <800°C,  the  BigWOg  crystallites  are 
&5  pm  in  size  and,  at  >850°C,  MOO  pm.  After  dissolving  away  the  salt  matrix, 
the  BigWOg  particles  were  mixed  with  an  organic  binder  and  tapecast  to  align 
the  platelike  crystallites.  Large  particles  were  easily  oriented  by  tapecasting 
but  the  sinterability  of  the  tape  was  poor.  Preferred  orientation  of  small 
particles  was  increased  by  tapecasting  and  grain  growth  during  sintering  further 
improves  the  degree  of  orientation.  Sintering  above  the  950°C  phase  transition, 
however,  results  in  discontinuous  grain  growth  and  low  densities.  Optimum  con¬ 
ditions  for  obtaining  highly  oriented  ceramics  with  high  density  occur  at  sinter 
ing  temperatures  of  900°C  using  fine-grained  powders  which  yield  orientation 
factors  of  % 0.88  and  densities  of  94%  theoretical. 


FABRICATION  OF  GRAIN  ORIENTED  PbBigNt^Og  CERAMICS 
Sheng-He  Lin,  S.L.  Swartz,  W.A.  Schulze  and  J.V.  Biggers 

Abstract 

This  paper  describes  a  process  for  the  fabrication  of  grain  oriented 
PbBi2Nb20g  ceramics.  A  molten  salt  technique  was  used  to  synthesize  crystal¬ 
lites  of  PbBi2Nb20g  with  a  high  degree  of  shape  anisotropy.  Tape  casting  and 
subsequent  uniaxial  hot  pressing  resulted  in  ceramics  with  grain  orientation 
of  greater  than  90%  with  densities  greater  than  96%  theoretical. 


GRAIN  ORIENTED  PIEZOELECTRIC  CERAMICS  AT  PENN  STATE 


W.A.  Schulze 
Abstract 

Ferroelectrics  with  high  transition  temperatures  are  typically  those  which 
have  a  large  crystalline  anisotropy  and  in  some  cases  a  symmetry  limited  number 
of  polar  axes.  These  materials  have  found  little  use  for  piezoelectric  devices, 
due  to  the  limited  number  of  possible  domain  orientations  in  conventional  poly¬ 
crystalline  ceramics,  making  them  difficult  to  pole.  An  intensive  effort  is 
being  made  here  at  the  Materials  Research  Laboratory  of  Penn  State  University  to 
fabricate  ferroelectric  ceramics  with  a  large  degree  of  grain  orientation. 

This  technology  might  lead  to  applications  for  anisotropic  ferroelectrics. 

Two  families  of  anisotropic  ferroelectrics  are  presently  being  investigated 
the  bismuth  oxide  layer  structures  such  as  Bi^Ti^O^  and  PbBi2Nb20g,  and  the 
tungsten  bronzes  such  as  PbNbgOg  and  Pb.|_xBaxNb2Gg.  Our  fabrication  process 
utilizes  the  techniques  of  molten  salt  synthesis  and  tape  casting  and  to 
develop  grain  orientations  of  greater  than  95%  and  densities  in  the  range  of 
30-95%  theoretical. 
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117.  FABRICATION  OF  PEROVSKITE  LEAD  MAGNESIUM  NIOBATE 
Materials  Research  Bulletin,  Vol.  17,  pp.  1245-1250  (1982) 


FABRICATION  OF  PEROVSKITE  LEAD  MAGNESIUM  NIOBATE 


S.L.  Swartz  and  T.R.  Shrout 


Abstract 


The  perovskite  relaxor  ferroelectric  lead  magnesium  niobate  (PbMg.j  ^^2/303) 
is  an  important  material  because  of  its  high  dielectric  constant  and  correspond¬ 
ingly  large  electrostrictive  strains.  However,  it  is  difficult  to  prepare  a 
polycrystalline  ceramic  form  because  of  the  formation  of  a  stable  pyrochlore 
phase.  The  reaction  kinetics  during  calcining  were  investigated  and  an  improved 
fabrication  scheme  was  developed. 


DIELECTRIC  PROPERTIES  OF  PYROCHLORE  LEAD  MAGNESIUM  NIOBATE 
T.R.  Shrout  and  S„L.  Swartz 


Abstract 

A  pyrochlore  with  the  composition  Pb^  33^  7-| MgQ  2gOg  3g  was  fabricated 
and  found  to  belong  to  the  anion  deficient  structural  family  of  pyrochlores 

O 

having  space  group  Fd3m  with  a  lattice  parameter  a  *  T0.5988A.  A  room  tempera 
ture  dielectric  constant  of  130  with  an  anomalous  peak  near  20  K  due  to  a 
relaxation  phenomenon  were  as  observed. 


I 
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119.  ELECTROSTRICTION 


S3 


Electrostrlction 
L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

Electrostriction  is  the  basic  electromechanical  coupling  in  all  centric 
crystals  and  glasses,  and  the  origin  of  the  strong  piezoelectric  effects  in 
all  poled  ferroelectric  perovskite  ceramics,  yet  reliable  values  of  electro¬ 
striction  constants  are  only  available  for  a  few  crystals,  the  true  temperature 
dependence  of  the  constants  is  largely  unknown,  and  a  convincing  atomistic 
theory  for  their  origin  has  not  been  given. 

This  talk  will  focus  upon  electrostriction  in  oxygen  octahedron  type 
crystals  where  strain  levels  of  practical  interest  can  be  achieved  at  realizable 
fields.  The  special  features  of  behavior  in  a  wide  range  of  relaxor  ferroelectric 
systems  will  be  compared  and  contrasted  with  the  response  in  simple  ordered 
structures. 

The  separation  of  intrinsic,  polarization  biased  electrostriction  and 
extrinsic  domain  related  phenomena  will  be  considered  in  the  piezoelectric 
effects  in  PZT,  PLZT  and  other  perovskites  of  complex  composition. 

Higher  order  electrostriction  will  be  briefly  touched  upon  and  its  possible 
effects  upon  elastic  behavior  considered. 
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120.  ELECT R0STRICTI0N  AND  ITS  RELATIONSHIP  TO  OTHER 
PROPERTIES  IN  PEROVSKITE-TYPE  CRYSTALS 
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Electrostrictlon  and  Its  Relationship  to  Other 
Properties  In  Perovsklte-Type  Crystals 

K.  Rlttenmyer,  A.S.  Bhalla,  Z.P.  Chang  and  L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16302 


Electrostrictlon  Is  the  basic  electromechanical  coupling  effect  present  In 
all  solids.  The  direct  quadratic  electrostrlctive  effect  represented  In  tensor 
notation  by  the  coefficient,  relates  the  strain  induced  in  a  solid, 

to  the  square  of  the  polarization,  (P^P^ ) ,  In  the  equation, 

e1j  "  Q1jklPkPl 

Sixth  and  higher  order  terms  can  be  added' to  this  equation  if  the  strain  versus 
polarization- squared  relationship  Is  not  linear.  Alternatively,  the  electrostrlc- 
tion  coefficients  can  be  obtained  through  the  converse  electrostrlctive  effect, 

Ax1j  *  2Q1jk1°kl  (2> 

by  measuring  the  change  In  Inverse  dielectric  susceptibility,  Ax-jj.  produced  by 
the  application  of  a  stress,  Again,  higher  order  terms  can  be  added  phenom¬ 

enologically  to  account  for  nonlinear  behavior.  A  sixth-order  term  is  adequate 
for  our  case.  The  complete  converse  effect  can  then  be  written  as 

Ax1j  *  2Q1jklak1  +  2<t1jklrnn°kl°mn  (3) 

where  Is  a  sixth  order  electrostrictlon  constant.  We  have  performed 

experiments  of  this  type  on  several  fluoride  perovsklte  single  crystals  (e.g>, 
KMgF^,  KMnF^,  KZnF^,  KCaF^,  etc.)  and  have  evaluated  both  fourth  and  sixth 
order  electrostrictlon  coefficients. 

The  dielectric  constant,  which  Is  Inversely  proprotional  to  the  Inverse 
dielectric  susceptibility.  Is  related  to  the  amplitude  and  frequency  of  optical 
phonons  at  long  wavelengths.  The  pressure  as  well  as  temperature  dependence  of 
this  vibrational  mode  gives  Information  on  the  anharmoniclty  present  In  the 
crystals  lattice.  It  Is  therefore  possible,  as  shown  by  Uchino-,  to  relate  these 
effects  to  each  other  and  other  similar  anharmonlc  effects  such  as  thermal 
expansion  and  higher  order. elastic  constants,  and  to  other  properties  such  as 
compressibility  and  dielectric  constant.  These  observations  are  discussed  with 
respect  to  our  measurements  on  the  fluoride  perovskltes. 

IK.  Uchino,  L.E.  Cross,  Jpn.  J.  Appl.  Phys. 
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121.  DIRECT  MEASUREMENT  OF  ELECTROSTRICTION 
IN  PEROVSKITE  TYPE  FERROELECTRICS 
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Direct  Measurement  of  Electrostriction 
in  Perovskite  Type  Ferroelectrics 

M.  Shishineh,  C.  Sundius,  T.  Shrout  and  L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

A  simplified  AC  capacitance  dilatometer  based  on  the  design  of  Uchino  and 
Cross ^  has  been  constructed  to  measure  directly  the  temperature  dependence  of 
electrostrictive  strain  in  perovskite  type  ferroelectric  crystals  and  ceramics. 

A  mechanical  bridge  circuit  is  used  to  compensate  for  thermal  expansion  of  the 
mechanical  components  eliminating  the  need  for  DC  servo  stabilization.  The 
instrument  has  been  used  in  the  temperature  range  from  20°C  to  200°C.  In  the 
AC  method,  the  electrostrictive  strain  under  AC  driving  field  is  compared  to 
the  known  strain  induced  in  a  quartz  reference  crystal  under  phase  locked  con¬ 
ditions.  The  method  has  been  checked  with  the  known  piezoelectric  behavior 
of  quartz  and  of  selected  PZT  disk  samples.  Measurements  of  Q  constants  will 
be  reported  for  lead  magnesium  niobate  (PMN),  lead  magnesium  niobate:lead 
titanate  solid  solutions  (PMN:PT),  lead  iron  niobate:lead  iron  tungstate  (PFN: 

PFW)  and  related  relaxor  ferroelectrics.  Temperature  dependence  of  the  electro¬ 
strictive  Q  constants  in  single  crystals  BaTiOg  in  the  paraelectric  phase  above 
Tc  will  be  reported  and  the  results  discussed  and  compared  to  earlier  studies^2,3) . 

TT  K.  Uchino,  L.E.  Cross,  Ferroelectrics  27,  35  (1980). 

2.  H.  Beige,  G.  Schmidt,  Exp.  Technix.  der  Phys.  22,  393  (1974). 

3.  E.  Huibregtse,  W.H.  Bessey  and  M.E.  Drougard,  J.  Appl.  Phys.  30,  899  (1959). 
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The  Effects  of  Various  B-sIte  Modifications  on  the 
Dielectric  and  Electrostrictive  Properties  of  Lead  Magnesium  Niobate  Ceramics 

D.J.  Voss,  S.L.  Swartz  and  T.R.  Shrout 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park',  PA  16802 

Abstract 

The  perovsklte  relaxor  ferroelectric  lead  magnesium  niobate  (PbMg^2Nb2/3°3* 
hereafter  designated  PMN)  was  first  synthesized  in  the  late  1950's  and  has  since 
been  widely  investigated  for  both  dielectric  and  electrostrictive  strain  applica¬ 
tions.  The  dielectric  properties  of  PMN  are  characterized  by  a  broad,  frequency 
dependent  maximum  of  the  dielectric  constant  just  below  room  temperature.  The 
magnitude  of  this  maximum  (at  1  KHz,  MS, 000  for  ceramic  PMN)  decreases  and  the 
temperature  of  this  maximum  Increases  with  increasing  frequency.  Due  to  the  large 
dielectric  constant  of  PMN,  electrostrictive  strains  are  comparable  to  the  piezo¬ 
electric  strains  of  PIT  ceramics1. 

Recent  publications,  out  of  this  laboratory,  have  described  an  improved 

•  2 

fabrication  technique  for  ceramic  PMN  ,  and  demonstrated  that  the  dielectric 

properties  of  PMN  are  quite  dependent  on  fabrication  parameters  (stoichiometry, 

sintering  temperature,  etc.)  .  The  purpose  of  this  investigation  is  to  study  the 

effects  of  various  B-site  substitutions  (Ni2*,  Co2*,  Zn2+,  Cd2*,  Fe3+,  T14+,  Ta5+, 
6+ 

W  ,  etc.)  and  fabrication  parameters  on  the  dielectric  and  electrostrictive  pro-' 
perties  of  PMN.  The  effects  of  substitutional  cation  size  and  valence  on  the 
maximum  dielectric  constant,  transition  temperature  range,  and  diffuseness  of 
transition  will  be  determined  and  correlated  with  electrostrictive  measurements. 

TT  S.  Nomura  and  K.  Uchino,  Ferroelectrlcs  41,  117-132  (1982). 

2.  S.L.  Swartz  and  T.R.  Shrout,  Mat.  Res.  BuTl.  17,  1245-1250  (1982) 

3.  S.L.  Swartz,  T.R.  Shrout,  W.A.  Schulze  and  L.E7  Cross,  submitted  for 
publication. 
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PERFORATED  PZT  COMPOSITES  FOR  HYDROPHONE  APPLICATIONS 
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PERFORATED  PZT  COMPOSITES  FOR  HYDROPHONE  APPLICATIONS 

A.  Safari,  S.  DaVanzo  and  R.E.  Newnham 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

Macrosymmetry  and  interphase  connectivity  have  been  used  to  explore  the 
possible  macrostructures  of  interest  for  piezoelectric  composites.  Based  on 
these  design  considerations,  PZT-polymer  composites  with  3-1  and  3-2  con¬ 
nectivity  patterns  have  been  fabricated.  These  composites  were  prepared 
by  drilling  circular  and  square  holes  perpendicular  to  the  poling  direction 
in  prepoled  PZT  blocks  and  filling  the  holes  with  epoxy.  The  influence  of 
hole  size,  separation  between  the  holes  and  thickness  on  the  piezoelectric 
properties  of  the  composites  was  studied.  An  enhancement  in  the  piezo¬ 
electric  d^  coefficient  was  observed  due  to  the  decoupling  of  the  piezo¬ 
electric  d33  and  d31  coefficients  in  the  composites.  The  dielectric  con¬ 
stant  of  PZT  is  lowered  considerably  because  of  the  polymer  phase.  The 
combination  of  high  d^  and  low  dielectric  constant  results  in  greatly  en¬ 
hanced  g^.  For  hydrophone  applications,  these  composites  give  good  acous¬ 
tical  matching  with  water  because  of  their  low  density. 

A  theoretical  analysis  was  made  to  calculate  internal  stress  dis¬ 
tribution  and  local  polarization  in  order  to  understand  the  enhancement  of 

d,  and  g,  .  The  finite  element  method  (FEM)  was  used  to  calculate  the  in- 
n  n 

ternal  stress  distribution  inside  the  composites  under  hydrostatic  loading. 

The  local  and  remanant  polarization  and  piezoelectric  matrix  were  calculated. 

From  these  data  the  macroscopic  piezoelectric  coefficients  d,  and  g,  of  the 

n  n 

composites  were  calculated. 
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124.  TRANSVERSELY  REINFORCED  1-3  PIEZOELECTRIC  COMPOSITES 


Transversely  Reinforced  1-3  Piezoelectric  Composites 
M.J.  Haun,  T.R.  Gururaja,  W.A.  Schulze  and  R.E.  Newnham 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

Piezoelectric  PZT-polymer  1-3  composites  were  transversely  reinforced  to 
increase  the  hydrostatic  piezoelectric  coefficients  for  possible  use  in  hydro¬ 
phone  applications.  These  composites  were  made  of  a  polymer  matrix  with  PZT 
rods  aligned  In  the  poling  direction  <x3)  and  reinforcement  In  the  transverse 
directions.  The  reinforcement  consisted  of  aligned  glass  fibers  and/or  a  rigid 
encapsulation.  Both  types  of  reinforcement  act  to  greatly  decrease  the  piezo¬ 
electric  a31  coefficient  by  carrying  most  of  the  lateral  stresses.  The  333 
coefficient  Is  relatively  unaffected,  because  PZT  rods  carry  most  of  the  stress 
In  the  poling  direction.  This  decoupling  of  the  331  and  333  coefficients 
enhances  the  hydrostatic  piezoelectric  3^  coefficient.  The  effect  of  the  glass 
fibers  Is  dependent  on  the  polymer  matrix  used.  Because  of  the  stiffness  of  many 
epoxies,  no  significant  Increase  In  3^  results,  but  more  compliant  polyurethanes 
are  significantly  reinforced  giving  improved  3h  coefficients.  Due  to  the  differ¬ 
ences  In  polsson' s  ratios  and  compliances  of  PZT  and  the  polymer  matrix,  adverse 
Internal  stresses  develop  which  can  contribute  to  the  231  coefficient.  To  lower 
the  331  coefficient  the  polyurethane  Is  foamed,  in  addition  to  adding  glass  fibers, 
which  lowers  the  polsson's  ratio,  and  reduces  the  Internal  stresses.  Greater 
hydrostatic  sensitivity  Is  achieved  by  foaming  polyurethane,  but  only  at  low 
pressures.  At  higher  pressures  the  pores  begin  to  collapse  and  the  polymer 
stiffens,  lowering  the  sensitivity  of  the  composite.  This  pressure  dependence 
can  be  greatly  reduced  by  encapsulating  the  composite  in  epoxy.  The  epoxy  encap¬ 
sulation  also  prevents  penetration  of  the  liquid  medium  into  the  porous  composite, 
as  well  as  providing  additional  transverse  reinforcement.  Due  to  the  small 
percentage  of  PZT  used,  these  composites  have  densities  near  that  of  water, 
and  much  lower  dielectric  constants  than  solid  PZT,  resulting  in  large  Increases 
In  the  piezoelectric  gh  coefficient.  By  Increasing  3h  and  gh,  the  dhgh  product 
used  as  the  figure  of  merit,  Is  greatly  enhanced. 


PZT-Polymer  Composite  Transducers  for  Ultrasonic  Medical  Applications 

T.R.  Gururala.  W.A.  Schulze  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 

B.A.  Auld,  June  Wang  and  7. A.  Shui 
Edvard  L.  Glnston  Laboratory 
W.W.  Hansen  Laboratories  of  Physics 
Standford  University 
Standford,  CA  94305,  USA 

ABSTRACT 

Composltesof  piezoelectric  ceramic  (lead  zlrconate  tltanate)  rods  aligned 
in  an  epoxy  resin  matrix  have  been  evaluated  for  ultrasonic  medical  diagnostic 
application.  The  two  main  advantages  of  the  composite  materials  over  single 
phase  lead  zlrconate  tltanate  ceramics  are:  1)  acoustic  impedance  can  be 
tailored  to  minimize  reflection  losses  at  the  transducer-load  interface;  2) 
composites  have  lower  mechanical  Q  and  lead  to  better  pulse  reproduction. 

High  frequency  dynamic  behavior  of  the  composite  materials  in  resonant 
configurations  are  very  complex.  The  complex  resonant  modes  are  characterized 
by  the  following  techniques:  1)  IEEE  standards  for  piezoelectric  measurements; 

2)  complex  admittance  plots  as  a  function  of  frequency  for  electroded  samples 
in  ambients  of  air  and  water;  3)  laser  probe  dllatometry  of  the  dynamic  dis¬ 
placement  as  a  function  of  frequency  and  of  position  in  the  composite  lattice. 

A  model  for  elastic  wave  propagation  in  a  spatially  periodic  medium  has  been 
developed  to  predict  the  vibrational  modes  of  the  composites.  Some  predictions 
of  the  theory  have  been  found  in  accord  with  experimental  results. 

The  transducer  performance  of  the  composite  was  evaluated  by  the  pulse 
echo  response  of  air  back  composite  transducers  in  the  frequency  range  for  100 
kHz  to  3  MHz  by  the  tone-burst  pulse-echo  technique.  Transmitting  and  receiving 
voltage  response  of  the  composite  was  also  measured  separately  for  a  better 
understanding  of  performance.  Characteristic  acoustic  impedance  of  the  composite 
materials  is  shown  to  be  a  function  of  probing  frequency  and  composite  design. 
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Glass-Ceramics:  New  Materials  for  Hydrophone  Applications 

A.  Halliyal,  A.  Safari  and  A.S.  Bhalla 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

Single  crystals  of  fresnoite  (BagTiSigOg)  and  its  germanium  analogue 
(Ba2TiGe20o)  have  been  reported  to  have  interesting  piezoelectric  properties. 
Glass-ceramics  of  these  materials  with  oriented  crystallites  have  been  pre¬ 
pared  for  hydrophone  applications.  Samples  were  prepared  by  recrystallizing 
the  glasses  in  a  strong  temperature  gradient.  Various  modified  compositions 
in  the  above  system  were  tried  to  optimize  the  physical  properties.  These 
glass-ceramics  showed  high  piezoelectric  voltage  coefficient  gh  (100-120 
x  10"3  Vm/N),  low  dielectric  constant  (10-15)  and  densities  less  than  4000 

3 

kg/m  .  There  was  no  variation  of  g^  with  pressure  up  to  10  MPa  for  all  the 
compositions.  The  gh  coefficients  and  the  product  dhgh  of  these  glass-ceramics 
were  comparable  to  PVF2  and  much  higher  than  solid  PZT. 


APPENDIX  35 

127.  PYROELECTRIC  PROPERTY  OF  Pb(Sc1/2Ta1/2)03  CERAMICS  UNDER  DC  BIAS 
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Pyroelectric  Property  of  Pb(Sc^2Ta^2)03  Ceramics  Under  DC  Bias 
Chen  Zhili,  Yao  Xi  and  L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

It  has  been  shown  that  quenched  Pb(Sc^2Ta^2)03  (p$T)  disordered  ceramics 
and  crystals  show  diffuse  dispersive  dielectric  properties,  while  well  annealed 
ordered  materials  exhibit  normal  sharp  first  order  ferroelectric  transitions. 

In  this  work,  pyroelectric  measurements  by  Byer-Roundy  technique  under  DC 
biases  up  to  6  KV/cm  within  a  temperature  range  from  -80°C  to  60°C  have  been 
studied.  The  results  show  that  for  both  disordered  and  ordered  materials,  DC 
biases  shift  the  peak  of  the  pyroelectric  coefficient  towards  higher  temperature. 
However,  for  disordered  samples  the  temperature  shifts  under  DC  bias  are  much 
larger  than  that  for  ordered  ones.  DC  biases  also  sharpen  the  peak  of  the  pyro¬ 
electric  coefficient  curve  of  the  disordered  samples.  Clearly  the  depolariza¬ 
tion  curve  shows  a  more  abrupt  phase  transition  behavior  under  DC  biases. 

Delay  by  the  ordering  electric  field  of  the  break-up  of  macro-domains  into 
polar  micro-regions  under  thermal  motion  is  believed  to  be  responsible  for  the 
extensive  shifting  and  steepening  observed  in  the  depoling  process  under  DC 
bias  for  the  disordered  samples. 

Measurements  by  Chynoweth  method  under  DC  bias  have  confirmed  that  order- 
disorder  of  the  polar  micro-regions  in  them  diffuse  transition  compositions  is 
partly  reversible  and  contributes  a  new  extrinsic  component  to  the  pyroelectric 


response. 
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Electrical  Poling  and  Dapollng  Studios  on 
the  Ralaxor-Ferroelectric  8:65:35  PLZT 

Zhill  Chan,  Tao  XI  and  L.E.  Cross 

Matarlals  Basaarch  Laboratory  t 

Tha  Pennsylvania  Stata  Univarsity 
Univarsity  Park,  PA  16802 

ABSTRACT 

Datallad  poling  and  dapollng  studlas  of  8:65:35  PLZT  transparant  ceramics 
ravaal  a  naw  dlalaccrlc  anomaly,  which  occurs  in  tha  vaak  flald  permittivity 
on  hasting  a  f rashly  thermally  depoled  sample  to  which  a  low  (lass  than  8  lev/ cm) 
DC  bias  has  bean  applied  at  low  temperature.  On  heating  through  tha  anomaly 
region  under  weak  bias,  tha  dispersive  character  of  the  dielectric  response  Is 
lost.  Examination  of  tha  pyroelectric  currant  under  constant  heating  reveals 
that  tha  anomaly  in  e  Is  associated  with  tha  build  up  of  a  remanent  electric 
polarization.  This  build  up  is  a  slow  process  and  the  kinetics  have  been 
explored  both  as  a  function  of  bias  field  and  heating  rate.  Dapollng  occur  on 
further  heating  at  a  temperature  well  below  the  dielectric  maximum  In  weak  field 
permittivity  which  is  Itself  weakly  frequency  dependent  as  in  ocher  relaxor 
f erroelectrics . 

The  dielectric  data  Is  intepreted  on  the  basis  of  the  build  up  under  field, 
and  the  decay  with  Increasing  temperature  of  macro  polar  domains  built  up  from 
reoriencable  polar  micro  regions. 
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Pyroelectric  Properties  of  the  Modified  Triglycine  Sulphate  (TGS) 

A.S.  Bhalla.  G.S.  Fang,  L.E.  Cross  and  Yao  Xi 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

ABSTRACT 

TGS  in  its  pure  single  crystal  form  has  one  of  the  highest  pyroelectric 
figure  of  merit  p/K  i  1  x  10”^  In  recent  yeras  several  modified  TGS 

compositions  have  been  prepared  and  the  pyroelectric  properties  are  measured. 

So  far,  a  maximum  enhancement  of  the  figure  of  merit  (^1.5  x  TGS)  has  been 
reported  in  the  case  of  DTGFB. 

In  our  present  studies  we  have  examined  various  doping  substitutions  in  the 
TGS  compositions  and  measured  the  pyroelectric,  dielectric  and  the  related 
properties.  Higher  pyroelectric  coefficients  and  an  enhancement  of  the  pyro¬ 
electric  figures  of  merit  (>2  x  TGS)  have  been  observed  in  same  of  the  modified 
TGS  compositions. 

Results  of  the  pyroelectric  measurements  on  these  compositions  will  be 


discussed  in  this  paper. 


Pyroelectric  and  Piezoelectric  Properties  of  SbSI: Composites 

A.S.  Bhalla  and  R.E.  Nevnham 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

ABSTRACT 

Antimony  sulphur  iodide  (SbSI) ,  in  the  ferroelectric  phase  below  20°C 
belongs  to  the  orthorhombic  point  group  symmetry  mm2  and  has  very  large  pyro¬ 
electric  coefficient,  piezoelectric  strain  coefficients  ^33)  and  dielectric 
constant  along  the  polar  c-axis . 

Composites  of  SbSI:polymer  in  (1:3)  and  (3:3)  and  SbSI:glass  fibers  in 
3:1  connectivity  modes  have  been  prepared  and  electrical  properties  are  measured. 
Pyroelectric  and  piezoelectric  voltage  sensitivities  have  substantially 
increased  compared  to  those  of  pure  SbSI  single  crystals. 

Effects  of  doping  in  SbSI  and  the  pyroelectric  properties  of  the  off  c-axis 
cut  composites  will  also  be  discussed. 
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131.  A  NEW  FAMILY  OF  GRAIN  ORIENTED  GLASS-CERAMICS 
FOR  PIEZOELECTRIC  AND  PYROELECTRIC  DEVICES 


A  New  Family  of  Grain  Oriented  Glass-Ceramics 
for  Piezoelectric  and  Pyroelectric  Devices 

A.  Halliyal  and  A.S.  Bhalla 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Parle,  PA  16802 

ABSTRACT 

Grain  oriented  polar  glass-ceramics  have  been  evaluated  for  application 
in  piezoelectric  and  pyroelectric  devices.  The  main  advantage  of  the  method 
is  the  possibility  of  preparing  large  area  elements  in  a  simple  way  at  a 
relative  low  cost. 

Samples  for  the  present  study  were  prepared  by  recrystallizing  the  glasses 
in  a  strong  temperature  gradient  or  in  a  uniform  isothermal  temperature  environ¬ 
ment.  Samples  crystallized  in  a  temperature  gradient  had  better  crystallographic 
orientation  and  also  showed  better  properties  than  the  isothermally  crystallized 
samples.  The  compositions  of  glasses  selected  for  the  present  study  were  from 
the  systems  Li20-Si02-B20.j»  BaO-TK^-SK^  and  BaQ-TiC^-Get^.  The  crystalline 
phases  identified  in  the  glass-ceramics  after  recrystalllzaclon  were  LL^Sl^O^, 
Li2B407>  Ba2TiSi20g  or  Ba2TiGe20g. 

Pyroelectric  coefficients  and  electromechanical  properties  of  above  glass- 
ceramics  were  measured  over  the  temperature  range  -20  to  200“C.  Many  composi¬ 
tions  showed  a  high  pyroelectric  figure  of  merit  (p/k) ,  because  of  low  dielectric 
constants  of  these  glass-ceramics.  Fresnolte  (B&^TiS^Og)  glass-ceramics  showed 
high  values  of  piezoelectric  voltage  coefficient  g^,  comparable  to  the  hydrostatic 
properties  of  PVF2*  Both  the  piezoelectric  and  pyroelectric  properties  of  glass- 
ceramics  were  comparable  in  magnitude  to  the  single  crystal  values  of  corresponding 
crystalline  phases. 


123 


APPENDIX  40 

132.  LOW  TEMPERATURE  PYROELECTRIC  PROPERTIES 
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Low  Temperature  Pyroelectric  Properties 

by 

A.S.  Bhalla  and  R.E.  Newnham 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

In  the  past,  the  major  interest  has  been  in  the  room  temperature  operating 
pyroelectric  materials  and  relatively  few  pyroelectric  measurements  have  been 
made  at  low  temperatures.  The  low  temperature  pyroelectrics  could  be  more 
efficient  IR  detectors  as  (1)  ferroelectrics  with  low  curie  temperatures  tend 
to  show  near  second  order  behavior  with  large  pyroelectric  coefficients  over 
wide  temperature  range,  (ii)  At  low  temperatures  the  secondary  pyroelectric 
contribution  which  is  often  large  and  opposite  in  sign  to  the  primary  effect 
at  room  temperature,  decreases  rapidly  and  there  can  be  unexpectedly  large 
pyroelectric  coefficients,  (iii)  Specific  heat  and  electrical  losses  decrease 
at  low  temperature,  (iv)  Signal  to  noise  ratio  increases  as-  temperature 
decreases.  All  these  factors  generally  raise  the  figure  of  merit  of  the  pyro¬ 
electric  devices.  In  this  paper  we  report  the  low  temperature  measurements  of 
the  pyroelectric  and  dielectric  properties  of  several  ferroelectric  and  non- 
ferroelectric  materials  and  discuss  the  suitability  of  the  pyroelectric  material 
for  device  operation  in  the  ambient  conditions  in  the  outer  space. 
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THE  GROWTH  AND  PROPERTIES  OF  A  NEW  ALANINE  AND  PHOSPHATE 
SUBSTITUTED  TRIGLYCINE  SULPHATE  (ATGSP)  CRYSTAL 


THE  GROWTH  AND  PROPERTIES  OF  A  NEW  ALANINE  AND  PHOSPHATE  SUBSTITUTED 
TRIGLYCINE  SULPHATE  (ATGSP)  CRYSTAL 


C.S.  Fang,  Yao  Xi,  Z.X.  Chen,  A.S.  Bhalla  and  L.E.  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  PA  16802 

ABSTRACT 

A  modified  alanine  doped  triglycine  sulphate  (ATGS)  crystal  has  been 
grown  with  partial  substitution  of  H2S04  with  H3P04.  Growth  of  the 
ATGSP  crystal  from  a  unipolar  ATGS  seed  In  the  temperature  range  30-40°C 
gives  a  unipolar  bulk  crystal  with  lower  permittivity  (cr  30)  and 
higher  pyroelectric  coefficient  (6-5*1 0"4  c/k.m^)  than  pure  TGS.  In 
the  doping  range  used,  the  higher  pyroelectric  coefficient  Is  traced  to 
a  significantly  larger  spontaneous  polarization  Ps  ('v-S  uc/cm  at  room 
temperature).  Tangent  6  Is  below  0.01  over  the  whole  frequency  range 
from  100  Hz  to  100  KHz. 
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134.  SOME  INTERESTING  PROPERTIES  OF  DISLOCATION  FREE  SINGLE  CRYSTALS 

OF  PURE  AND  MODIFIED  SrQ  ^BaQ  gNbgOg 
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Some  Interesting  Properties  of  Dislocation  Free  Single  Crystals 
of  Pure  and  Modified  SrQ  5BaQ  gNbgOg 

by 

S.T.  Liu^  and  A.S.  Bhalla^ 

1  Honeywell  Coporate  Technology  Center, 

Bloomington,  MN  55420 

^Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

High  quality  dislocation  free  single  crystals  of  SrQ  5BaQ  gNbgOg  (SBN)  and 
rare  earths  doped  SBN  are  gorwn  for  infrared  pyroelectric  detector  and  electro¬ 
optic  applications.  Pyroelectric  and  dielectric  properties  on  these  crystals 
are  measured  over  a  temperature  range  from  liquid  nitrogen  to  150°C.  The  dis¬ 
location  free  crystals  have  higher  pyroelectric  coefficients  and  retain  the 
total  pyroelectricity  in  successive  heating  cycles  through  the  phase  transition. 
Electro-optic  measurements  are  also  made  on  these  crystals.  Both  pyroelectric 
and  electro-optic  coefficients  increase  with  an  increase  in  rare  earth  doping 

concentration  in  SBN  crystals.  Pyroelectric  coefficients  lie  in  the  range  from 
2 

400  to  2500  pC/m  K  and  linear  electro-optic  rgg  coefficient* increase  from  2.3 
to  7xl0~10  cm/V.  The  relationship  between  pyroelectric  and  electro-optic 
coefficient  (rgg)  is  examined  and  discussed. 
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135.  THE  FERRO IC  PHASE  TRANSITION  BEHAVIOR  OF  Pb(ZrQ  6TiQ  4)03 
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The  Ferrolc  Phase  Transition  Behavior  of  Pb(ZrQ  gT1Q  4)03 

A.  Amin 

Advanced  Development  Lab. 

Texas  Instruments,  Inc. 

Attleboro,  MA  02703 

and 

L.E.  Cross 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

Recent  low  temperature  neutron  diffraction  and  diffuse  neutron  scattering 
experiments  on  Pb(Zrg  gT1Q  4)03  [1]  revealed  some  Interesting  and  unusual  fea¬ 
tures:  (1)  the  rhombohedral  (R3c)  rhombohedral  (R3m)  phase  transition  Is  rather 
broad,  and  the  transition  temperature  Is  not  well  defined  (somewhere  between 
250  and  300  K)  as  deteremlned  from  the  temperature  dependence  of  the  strongest 
pseudocubic  311  reflection. 

(11)  The  diffuse  neturon  scattering  data  show  some  structure  In  the  Q 
range  0.9  -  3.0  A0*1  (Q  47TS^n9) .  This  type  of  background  modulation  most 
likely  arises  from  static  displacements  In  preferred  directions  since  random 
displacements  would  simply  lead  to  a  monotonlcally  Increasing  background,  as  Is 
characteristic  of  thermal  diffuse  scattering.  These  may  reflect  a  short  range 
order  which  is  a  precursor  of  the  tetragonal  phase  or  perhaps  a  tendency  towards 
ordering  of  Zr  and  T1  atoms. 

The  Landau-GInzburg-Oevonshire  phenomenological  theory  for  simple  proper 
ferroelectrlcs  has  been  successfully  applied  to  the  PbZr03-PbT103  (PZT)  solid 
solutlr'  .-.stem.  The  theory  correctly  predicts  the  relative  stability  points 
of  the  different  phases  In  the  solid  state  portion  of  PZT  phase  diagram.  It 
also  permits  the  calculation  of  the  observed  physical  properties  (e.g.,  dielectric, 
piezoelectric,  and  other  coupling  coefficients)  as  function  of  temperature, 
pressure,  and  applied  electric  fields  over  the  entire  range  of  single  cell  compo¬ 
sitions. 

We  have  calculated  the  temperature  dependence  of  the  free  energy  function 
G  for  the  rhombohedral  (R3m),  tetragonal  (P4mm)  and  orthorhombic  B(mt2)  modifi¬ 
cation  of  the  prototyplc  (Pm3m)  symmetry  of  (PbQ  gT1Q  4)03  using  the  PbZr03* 
PbT103  phenomenological  theory.  In  this  work  we  will  present  our  results  and 
correlate  the  neutron  scattering  results  and  those  obtained  from  phenomeno¬ 
logical  theory. 

1.  A.  Amin,  R.E.  Newnham,  L.E.  Cross  and  D.E.  Cox,  U.  Uol Id  State  Chemistry 

37,  248  (1981  ). 
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Dielectric  and  Piezoelectric  Properties  of  Tungsten  Bronze 
Lead  Barium  Niobate  (Pb  Ba,  Nb-O,)  Single  Crystals 

X  1— X  i  o 


Thomas  R.  Shrout.  Huan  Chu  Chen  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 


i 


ABSTRACT 

Ferroelectric  tungsten  bronze  crystals  of  Pb  Ba.  Nb-0,  (0.8  <  x  <  0.25) 

X  x— X  L  O  •  “ 

were  grown  from  a  melt  using  the  Czochralskl  technique.  Crystals  with  composi¬ 
tions  x  £  0. 6  belonged  to  the  tetragonal  point  group  4mm  with  the  spontaneous 
polarization* parallel  to  the  "c"  axis.  Crystals  with  compositions  x  >  0.6 
belonged  to  the  orthorhombic  point  group  mm2  with  the  spontaneous  polarization 
along  the  <110>  axes  of  the  paraelectric  prototypic  point  group  having  symmetry 
4/mnm.  The  dielectric  and  piezoelectric  constants,  particularly  and  d^, 
showed  a  strong  enhancement  from  the  approach  of  the  tetragonal rorthorhomibic 
morphotroplc  phase  boundary  and  thus  are  of  major  Interest  for  piezoelectric 
and  electro-optic  applications. 
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RELATIONSHIP  OF  CRYSTALLOGRAPHIC  POLARITY  TO  PIEZOELECTRIC, 
PYROELECTRIC  AND  CHEMICAL  ETCHING  EFFECTS  IN 
Li2Ge03  AND  LiGaOg  SINGLE  CRYSTALS 

A.S.  8ha11a,  L.L.  Tongson  and  R.E.  Newnham 
Abstract 

Absolute  assignment  of  the  atomic  planes  of  Li2Ge03  and  LiGa02  is  made  by 
ion  surface  scattering  (ISS)  and  the  crystallographic  polarity  is  defined. 
Pyroelectric  coefficients  p3  and  the  piezoelectric  constants  d33  of  lithium 
metagermanate  and  lithium  gal  late  are  determined.  Pyroelectric  and  piezo¬ 
electric  coefficient  signs  when  defined  on  the  crystallographic  sign  conven¬ 
tion  of  the  axes  are  negative  and  positive,  respectively.  The  results  are 
correlated  with  chemical  etching  studies. 
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138.  SPECIFIC  HEAT  OF  SbSI 


SPECIFIC  HEAT  OF  SbSI 
M.E.  Rosar,  W.A.  Smith  and  A.  Bhalla 

Abstract 

The  temperature  dependence  of  the  specific  heat  of  vapor  and  flux  grown 

single  crystal  samples  of  ferroelectric  antimony  sulfur  iodide  (SbSI)  was 

measured  over  a  temperature  range  from  230K  to  400K.  Cp  at  Tc  of  the  electrical 

flux  and  vapor  grown  samples  are  0.078  cal/gmK  and  0.076  cal/gmK  respectively. 

AS  and  AQ  at  T  are  evaluated.  The  samples  measured  were  grown  by  two  different 
1  2  c 

methods  *  .  Differences  are  observed  between  the  measurements  made  on  the 
samples,  both  in  the  magnitude  of  the  specific  heat  and  the  temperature  at  which 
the  ferroelectric  transition  takes  place.  These  differences  are  caused  by  the 
different  levels  of  oxygen  impurities  in  the  samples. 
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MAGNETIC- FI ELD  DEPENDENCE  OF  THE  SOFT-MODE 
FREQUENCY  IN  KTa03  AT  20K 

W.N.  Lawless,  C.F.  Clark  and  S.L.  Swartz 
Abstract 

The  change  in  the  soft-mode  frequency  in  single-crystal  KTaO^  with  magnetic 
field  was  measured  at  20.1  K  via  dielectric  measurements  using  the  Lyddane- 
Sachs-Teller  relation.  At  10  T,  the  change  in  the  soft-mode  frequency  is  0.2 %. 

Converted  to  shift  in  the  Curie  temperature  with  magnetic  field,  the  data 
indicate  that  To(H)-TQ(0)  •v  5xlO~V  +  7.5x10”®  (H  in  Tesla).  These  data  are 
consistent  with  recent  neutron  measurements  on  SrTiO^  and  dielectric  measurements 
on  BaTi03. 
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SECTION  II 

SUMMARY  OF  WORK  OVER  THE  FIVE  YEAR  CONTRACT  PERIOD 


1.0  SUMMARY  OF  WORK  OVER  THE  FIVE  YEAR  CONTRACT  PERIOD 
1 . 1  Introduction 

In  a  contract  effort  of  the  size  and  scope  of  that  which  we  have  been 
privileged  to  perform  over  the  past  five  years,  it  is  not  possible  to  give  a 
very  detailed  accounting  of  all  aspects  of  the  program  at  this  time.  This 
level  of  detail  is,  anyway,  already  available  in  the  four  earlier  yearly 
reports.  It  is  our  intention  in  this  section  to  highlight  what  we  believe 
have  been  the  most  important  major  advances  accomplished  durinc  the  whole 
contract  period. 

The  primary  topic  areas,  ferroelectric  and  ferroelastic  materials,  cover 
the  active  materials  in  all  ultrasonic  transducer  structures  which  are  of  vital 
interest  to  the  Navy.  The  program  mandate  was  to  carry  out  basic  studies  which 
would  be  highly  relevant  to  Navy  needs  in  these  transducer  systems.  In  this 
surrmary,  the  primary  advances  in  basic  understanding  will  be  first  delineated, 
then  their  relevance  to  practical  transducers  discussed. 

That  the  general  program  over  the  five  year  period  has  been  highly  produc¬ 
tive  is  already  well  documented.  Including  the  current  year,  participants  in 
this  ONR  program  have: 

1)  Published  130  technical  papers  in  refereed  journals. 

2)  Presented  23  invited  and  99  contributed  papers  at  National  and  Inter¬ 
national  Meetings. 

3)  Submitted  12  invention  disclosures. 

During  the  contract  period  in  1981,  Penn  State  was  selected  as  the  site 
for  the  5th  International  Meeting  on  Ferroelectrics  (IMF  5).  This  was  the 
first  time  in  20  years  that  this  prestigious  IUPAP  sponsored  program  was  held 
in  the  USA,  and  it  was  indeed  a  signal  honor  to  have  the  meeting  at  Penn  State. 

In  19E3,  Professor  L.E.  Cross  and  Dr.  K.  Okazaki  co-chaired  a  joint 
US: JAPAN  study  seminar  which  took  20  US  participants  to  Japan  under  ONR 


sponsorship,  for  a  closely  knit  technical  seminar  program  and  a  week  of  individ 
ually  scheduled  visits  to  major  companies  and  universities  in  Japan. 

Over  the  period  of  the  contract,  7  Ph.D.  students  employed  on  contract 
funds  have  achieved  their  degrees,  and  3  M.S.  students  have  graduated.  Three 
more  Ph.O.  and  one  M.S.  student  have  finished  all  their  practical  work  on  con¬ 
tract  funds,  and  will  probably  graduate  in  June  1983.  We  are  proud  that  two 
students.  Dr.  S.J.  Jang  and  Dr.  Yao  Xi ,  achieved  Xerox  awards  for  the  best 
Ph.D.  work  in  Materials  at  Penn  State  in  1980  and  1982  respectively.  In  1982, 
Professor  L.E.  Cross  was  also  awarded  the  Penn  State  University  Scholars  Medal 
in  Science  and  Engineering  in  recognition  of  work  upon  Electrostriction  carried 
out  largely  upon  this  program. 


2.0  IMPORTANT  CONTRIBUTIONS  IN  BASIC  SCIENCE 
2.1  Composite  Piezoelectrics 

At  the  outset  of  this  program,  piezoelectric  materials  for  transducer 
application  had  long  been  on  a  plateau  in  development  with  the  highly  success¬ 
ful  PZT  family  dominating  the  field  for  the  last  20  years.  That  dramatic 

improvement  for  certain  types  of  application  might  be  possible  was,  however, 

(2  1 1 

just  becoming  apparent  through  the  pioneer  efforts  of  Skinner'  *  '  at  Penn 
State,  using  the  replamine  process  to  produce  3  dimensionally  interconnected 
porous  PZTs  which  could  be  back  filled  with  a  flexible  polymer  phase. 

A  key  basic  advance  accomplished  on  the  current  program  was  the  clear 
formulation  of  the  critically  important  role  of  PHASE  CONNECTIVITY  in  deter¬ 
mining  the  distribution  of  fluxes  and  fields  in  a  composite  and  thus  controlling 
the  performance^2*2^.  Early  simple  formulations  using  2  dimensional  series 
and  parallel  models  pointed  up  the  dramatic  improvements  which  could  be  expected 
for  such  applications  as  hydrophones,  where  the  dhgh  figure  of  merit  could  be 
improved  by  orders  of  magnitude.  Early  results  in  PZT:Epoxy  1:3  composites 

supported  the  simple  models,  but  studies  with  softer  elastomer  polymers  were 

(2  31 

terribly  disappointing'  ’  ' .  Realization  of  the  important  degradation  of  stress 

enhancement  which  could  occur  through  the  POISSON  RATIO  of  the  polymer  was  the 

second  important  step,  and  the  control  of  the  poisson  ratio  effects  by  foaming 

and  by  transverse  reinforcement  have  lead  to  small  "research  type"  samples 

which  can  achieve  the  3  orders  of  magnitude  improvement  in  d^gh  figure  of  merit 

(2  41 

which  the  early  studies  promised'  ’  ' . 

A  third  step  in  the  evolution  of  the  piezoelectric  ceramic  polymer  composites 

was  the  development  of  alternative  strategies  for  stress  enhancement  leading  to 
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the  3:1  and  3:2  composites  developed  by  Newnham  and  Safari'  *  '  and  the  alterna¬ 


tive  simplified  fabrication  techniques  for  3:3  composites  by  direct  ceramic  processes. 


Early  work  on  the  composites  was  well  summarized  in  the  paper  by  Newnham, 

Bowen,  Klicker  and  Cross ^2’^  included  as  Appendix  2.1.  More  recent  studies  by 
/ 2  5} 

Safari  and  Newnham'  ’  '  are  given  in  Appendix  2.2.  A  very  detailed  analysis 
of  the  effects  of  porosity  and  transverse  reinforcement  has  been  presented  by 
Haun  in  his  M.S.  thesis.  This  work  will  be  reported  in  ISAF  83  and  published 
in  the  proceedings.  Some  results  of  this  work  as  also  given  in  Section  I. 

2.2  Electrostriction 

2-2.1  Introduction 

Electrostriction  is  the  basic  coupling  mechanism  between  polarization  and 
strain  in  all  ceramic  transducer  materials,  yet,  up  to  the  time  of  this  contract 
there  was  no  convincing  atomistic  theory  for  the  origin,  and  almost  no  reliable 
measures  of  electrostriction  in  simple  low  permittivity  cubic  crystals. 

2.2.2  Theoretical  Work 

A  basic  weakness  in  the  current  phenomenological  theory  of  electrostric¬ 
tion  was  pointed  out  by  Toupin^2*^,  an(j  again  by  Gindlay^2,8^  in  that  if  the 
conventional  infinitesimal  strain  and  polarization  are  related,  the  tensor 
Q i j k i  1S  not  strictly  invariant  under  simple  rotation.  Using  the  Touping 
material  measure  of  polarization  and  the  Lagrangian  strain,  a  rotationally 
invariant  formulation  has  been  developed  and  applied  to  simple  crystals  to 
ascertain  the  magnitude  of  the  difference  between  correct  and  earlier  formula¬ 
tions^2’9^  (Appendix  2.3). 

In  the  microscopic  theory,  using  a  realistic  model  for  the  interatomic 
forces,  the  quasi-harmonic  theory  of  Bruce  and  Cowley^ has  been  used  to 
calculate  Q  values  in  SrTiO^  and  other  simple  perovskites.  Unfortunately, 
though  the  theory  is  adequate  for  fixed  temperature,  it  is  completely  unable 
to  account  for  the  observed  temperature  variation  of  electrostriction  in  SrTiO-. 
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2.2.3  Experimental  Observation 

(a)  Low  Level  Electrostriction 

Much  effort  has  been  expended  to  develop  capacitance  ultra-dilatometry  to 
the  level  required  for  direct  measurement  of  electrostriction  in  alkali  halides 
and  perovskites  fluorides.  The  development  of  an  instrument  capable  of  resolving 
displacement  of  10’^  was  clearly  a  major  achievement  (Appendix  2.4). 

This  instrument  has  been  of  major  use  in  measuring  piezoelectricity  at  low 
levels  and  in  thin  samples  but  the  original  intention  to  measure  low 

level  electrostriction  has  proven  much  more  difficult  than  was  originally  anti¬ 
cipated.  Early  data  gave  values  more  than  two  orders  too  large,  but  scaling 
perfectly  as  quadratic  with  field.  Some  of  these  problems  were  traced  to  the 
mode  of  mounting,  and  it  was  not  until  we  adapted  a  technique  to  glue  the  sample 
in  place  that  data  comparable  to  Bohaty  and  Haussuhl  and  Luymes^’^ 

studies  were  obtained.  Our  data,  however,  suggest  (see  Section  I)  a  strong 
extrinsic  frequency  dependence  for  M^ ^ ^ ^ . 

Very  recently  the  picture  has  been  further  complicated  by  Preu  and 
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Haussuhl v  ‘  '  with  measurement  of  the  converse  effect  using  uniaxial  stress 

which  show  values  of  M^^  of  opposite  sign  (positive).  Thus  in  spite  of  the 
extreme  difficulty  of  experimentation  in  this  area,  there  is  urgent  need  for 
additional  studies. 


2.2.4  Electrostriction  in  Perovskites 

Early  work  on  the  contract  by  Uchino  and  Cross^'^  established  some 


most  useful  empirical  relations  for  the  Q-jj^i  constants  and  demonstrated  the 
clear  advantage  of  the  relaxor  ferroelectrics  for  high  level  electrostriction. 

Measurements  by  Jang  indicated  the  signal  advantage  of  multilayer  monolithic 


systems  for  electrostriction  and  lead  to  a  major  advance  in  the  development  of 
the  lead  magnesium  niobate:lead  titanate  family^"^ 


of  high  response  -  low 
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thermal  expansion  electrostrictors  for  practical  application  Appendix  (2.5  and 
2.6).  A  major  forward  step  in  the  basic  understanding  of  relaxor  ferroelectric 
was  catalyzed  by  Setter'  '  ’  ’  ;  with  the  discovery  of  order: disorder  in 

Pb (Sc^ /2^al /2 ^3  S1n9^e  crystals  and  ceramics.  Her  clear  evidence  that  the 
Sc:Ta  ordered  structure  had  a  sharp  first  order  ferroelectric  phase  change, 
while  the  disordered  crystals  was  a  relaxor,  gave  immediate  proof  of  the  impor¬ 
tance  of  microheterogeneity  and  the  first  clear  scaling  of  the  heterogeneity 
in  a  relaxor  material  (Appendix  2.7). 

Recent  work  on  PLZT  relaxors  at  the  8:65:35  composition  permit  a  detailed 
evaluation  of  the  build  up  and  decay  of  macro-domain  polarization  in  these 
compositions  and  what  appears  to  be  the  first  clear  evidence  of  superparaelc- 
tric  disordering  of  the  polar  micro-regions  at  a  temperature  below  the  dielectric 
mximum.  This  study  correlates  well  witn  the  observation  of  shape-memory  observed 
in  the  PLZTs  and  discussed  later. 


I 
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3.0  FERROELECTRIC  BICRYSTALS 


3.1  Introduction 

In  the  study  of  mechanical  properties  of  ceramics,  significant  progress 
was  made  through  the  study  of  bicrystals  which  can  mimic  in  a  simpler  geometric 
form  the  characteristics  of  a  single  grain  boundary.  The  present  study  was 
initiated  using  water  soluble  triglycine  sulphate  crystals,  but  early  in  the 
program  it  was  found  that  LiNbO^  could  be  hot  pressure  bonded  at  temperatures 
below  Tc  so  that  the  domain  configuration  of  the  bi crystal  halves  could  be 
largely  preserved. 

3.2  Bicrystal  Studies 

For  LiNbO^,  anisotropy  in  the  thermal  expansion  limits  the  bonding  surfaces 
which  can  be  used  and  in  this  work  planes  normal  to  the  rhombohedral  c  axis 
were  bonded  with  the  polar  axis  head-to-head  (H:H),  tail-to-tail  (T:T)  and  head- 
to-tail  (H:T).  Studies  were  carried  through  of  the  effect  of  the  bicrystal 
boundary  upon  dielectric  properties,  domain  structure,  defect  structure,  charge 
transport  and  piezoelectric  resonance. 

From  the  resonance  and  domain  studies,  it  became  apparent  that  H:H  and  T:T 
bonded  crystals  resonate  as  separate  thickness  mode  resonators,  while  H:T 
bonded  samples  resonate  as  a  whole  almost  as  if  the  boundary  were  not  present. 

3.3  Lithium  Niobate  Ceramics 

The  very  simple  domain  structures  and  resonant  behavior  in  the  bicrystals 
of  LiNbO^  suggested  that  the  material  might  be  used  as  a  model  ceramic  in  which 
it  should  be  relatively  simple  to  model  the  frequency  dependence  of  the  impedance. 
Model  ceramics  were  made  up  using  both  liquid  salt  produced  powders,  and  mixed 
oxide  techniques  so  as  to  develop  a  narrow  distribution  of  grain  sizes. 

Dielectric  impedance  measurements  suggested  at  once  a  weak  resonant  character 
for  the  response,  with  massive  dispersion  in  both  real  and  imaginary  parts  of 
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the  apparent  permittivity  for  frequencies  near  the  mean  grain  resonance.  Using 
the  ECAP  computer  analysis  routine  for  complex  circuits,  and  a  specially 
devised  folding  technique  to  multiply  the  accessible  number  of  elements  which 
can  be  handled  by  ECAP  it  was  shown  that  the  full  frequency  dependence  of  the 
ceramic  impedance  could  be  calculated  from  the  known  dielectric  and  piezoelectric 
parameters  of  the  single  crystal,  the  grain  size,  and  the  size  distribution. 

We  believe  that  these  calculations  are  the  first  clear  proof  of  the 
importance  of  damped  piezoelectric  grain  resonance  upon  the  dispersion  character 
of  high  permittivity  ferroelectric  dielectric  ceramics  (Appendix  2.8). 
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4.0  FERROELASTIC  SHAPE  MEMORY 

4. 1  Introduction 

Shape  memory  is  an  interesting  elastic  phenomenon  which  has  been  well 
documented  for  a  number  of  metal  alloy  systems  which  show  a  martensitic  type 
phase  change.  NiTiNOL,  a  nickel  titanium  alloy,  first  developed  by  the  Naval 
Research  Laboratory  is  perhaps  the  best  known  example.  If  a  wire  or  rod  of 
NiTiNOL  is  heated  through  the  martensitic  temperature  Tm  then  cooled,  it 
becomes  very  soft  and  plastic,  so  that  even  quite  stout  rods  can  be  bent  in 
the  fingers.  Now  on  re-heating  through  Tm  the  rod  straightens  without  any 
applied  force,  remembering  its  original  shape  (hence  the  name  shape  memory). 
Since  ferroelectric  displacive  transitions  are  martensitic,  it  appeared  inter¬ 
esting  to  explore  possible  shape  memory  in  these  materials. 

4.2  Shape  Memory  in  PLZT  Compositions 

Using  a  very  simple  loading  jig  to  apply  a  bending  moment  to  thin  rods 
of  PLZTs  in  the  x:65:35  composition  field,  Kimura  was  able  to  demonstrate  that 
when  x  <  4  mole%  in  the  sharp  transition  materials  shape  memory  occurs  for  all 
temperatures  below  the  Curie  temperature,  in  exact  analogue  to  the  metal 
martensites.  In  compositions  with  higher  lanthanum  concentrations  which  show 
clear  ferroelectric  relaxor  character,  the  recovery  process  does  not  take  place 
at  the  temperature  of  the  dielectric  maximum,  but  at  the  so  called  a-B  transi¬ 
tion  where  the  macro-remanent  polarization  is  lost  (Appendix  2.9). 

These  studies  correlate  very  well  with  the  polarization:depolarization 
studies  on  relaxor  PLZTs  giving  additional  support  for  the  super-paraelectric 
model  for  these  ceramics. 
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5.0  DEVELOPMENT  OF  A  FULL  ELASTIC  GIBBS  FUNCTION  FOR  PZT 
5.1  Introduction 

The  ADAGE  computer  graphics  system  at  Penn  State  has  been  used  to  develop 
a  modified  Devonshire  thermodynamic  function  to  describe  phase  stability  and 
intrinsic  properties  in  the  simple  solid  solutions  between  PbZrO^  and  PbTiO^. 

For  the  Devonshire  function  which  only  describes  a  proper  ferroelectric,  the 
range  must  be  limited  to  include  only  single  cell  parts  of  the  structure  field. 
Since,  however,  these  encompass  the  interesting  morphotropic  region,  the  con¬ 
straint  is  not  penal.  In  the  computer  fitting,  higher  order  coefficients  were 
permitted  to  vary  as  linear  functions  of  composition,  and  it  was  assumed  that 
the  Devonshire  constraint  imposed  by  the  necessity  to  balance  free  energies  at 
the  first  order  cubic: tetragonal  phase  change  persisted  for  a  limited  range  into 
the  rhombohedral  field.  The  condition  of  morphotropy  turns  out  to  be  a  strong 
constraint  upon  the  permitted  coefficients. 

Chosing  the  simplest  combination  in  the  families  of  constants  which  give 
good  fitting  to  the  phase  diagram,  more  exact  coefficients  were  evaluated  using 
measured  Curie  temperatures.  Polarization  data  for  polycrystal  PZTs  cannot  be 
used, so  to  fit  the  single  domain  Ps  values, spontaneous  strain  was  evaluated. 

With  composition  independent  electrostriction  Q  constants,  the  fitting  to 
measured  strain  was  excellent. 

To  evaluate  single  domain  permittivities,  piezoelectric  constants  and 
thermal  effects  at  T  ,  it  is  necessary  to  have  values  of  the  Curie-Weiss  con¬ 
stant  C  which  appears  in  the  Devonshire  function  as  a  scale  parameter.  Unfor¬ 
tunately,  values  of  C  in  the  literature  range  from  1.5*1 0^  to  M.2-10^,  so  that 

C 

for  the  original  fitting, a  constant  (composition  independent)  value  of  3.0*10 
was  selected.  At  this  value  of  C,  fitting  to  measured  dielectric  response 
for  the  PbTiO^  end  of  the  phase  diagram  is  excellent,  however,  at  compositions 
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close  to  morphotropy  e  and  d  values  are  very  low  even  compared  to  those  of 
hard  PZTs. 

5.2  New  Data  for  PZT  Family  Compositions 

5.2.1  Thermal  Changes 

Early  measurements  of  the  thermal  changes  in  PZT  by  Setiveau  and  Troccaz5'^ 

show  a  steep  drop  in  the  heat  of  transition  from  PbTiO^  to  the  Pb(Tig  gZrQ  g)03 

composition  near  morphotropy.  Since  these  were  early  measurements  on  mixed 

oxide  prepared  samples  which  could  have  large  compositional  heterogeneity  it 

was  decided  to  repeat  the  data  using  samples  carefully  prepared  from  organic 

precursors  so  as  to  minimize  such  effects. 

2 

Surprisingly,  the  new  results  *  agree  closely  with  the  early  French  work, 

suggesting  that  if  the  PZT  maintains  'sharp1  transition  character,  C  must 
5  5 

climb  from  M.5-10  in  PbTi03  to  ^7 .7*10  in  the  PbZrQ  5TiQ  503  composition. 

5.2.2  Low  Temperature  Measurements 

It  is  a  defensible  thesis  that  the  major  differences  between  differently 
doped  soft  and  hard  PZTs  at  compositions  close  to  morphotropy  are  extrinsic 
in  nature. 

Powerful  additional  evidence  that  this  is  in  fact  the  case  has  been  given 

by  our  recent  measurements  of  the  properties  of  hard,  intermediate  and  soft 

commercial  PZTs  down  to  4°K  where  all  extrinsic  domain  related  phenomena  in  the 

response  will  be  frozen  out  (see  Section  I  for  details).  Very  briefly  the 

commercial  PZTs  which  are  of  similar  Zr:Ti  ratio  but  with  different  dopants 

all  come  together  in  dielectric,  piezoelectric  response,  and  coupling  coeffi- 
5  3 

cients  ’  ,  while  pure  PZTs  of  different  Zr:Ti  ratio  remain  distinct  in  pro- 
5  4 

perties  down  to  4K  . 

From  the  data  in  5.3  the  mean  value  K  %  360  at  4K.  From  the  phenomeno- 

5 

logical  analysis  K  at  4K  using  Amin's  calculation  with  C  =  3.10  gives  K  =  142. 
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c 

If,  however,  the  Curie  constant  is  taken  to  be  7.7-10  as  required  for  the 
thermal  data,  the  calculated  R  at  4°K  is  365  in  excellent  agreement  with  the 
measured  intrinsic  average.  Based  on  the  large  'effective'  Curie  constant, 
the  value  of  R  vs  T  can  be  re-calculated  and  is  compared  with  the  temperature 
dependence  of  R  for  commercial  PZTs  in  Figure  5.1 

Clearly  the  indication  from  this  phenomenology  is  that  even  in  the  hard 
PZT,  some  30%  of  the  dielectric  and  piezoelectric  activity  is  extrinsic,  while 
in  the  soft  PZT  the  major  part  is  certainly  extrinsic. 


TEMPERATURE  (K) 


Figure  5.1.  Permittivity  £33  vs  T  for  doped 
PZTs  compared  to  calculated 
intrinsic  permittivity. 
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6.0  PYROELECTRICS 

Work  on  this  family  of  topics  was  not  begun  until  late  in  the  contract 
but  has  been  exceedingly  productive.  A  major  break  through  has  been  the  develop¬ 
ment  of  a  completely  new  family  of  pyroelectric:piezoelectric  glass  ceramics, 
in  which  a  polar  crystalline  phase  which  is  not  ferroelectric  is  grown  into  the 
glass  under  steep  temperature  gradient  to  form  an  ensemble  with  strong  polar 
texture  and  therefore, pyroelectric  and  piezoelectric  properties. 

Piezoelectric  effects  are  summarized  in  Appendix  2.10  and  pyroelectrics 
in  2.11.  This  work  also  shared  support  from  the  U.S.  Army  under  contract  DAAG- 
29-78-003. 
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7.0  PREPARATIVE  STUDIES 

Much  detailed  work  on  the  preparation  and  characterization  of  both  ceramic 
and  single  crystal  materials  has  been  required  to  cover  the  practical  needs 
of  composites  and  relaxor  ferroelectrics  and  other  material  systems  required 
for  study. 


Of  major  importance  are  the  detailed  studies  of  the  calcining  reactions 
in  the  PbZrOy PbTiO^  system  (Appendix  2.12)  and  the  development  of  reliable 
synthesis  techniques  for  the  relaxor  ferroelectric  PbMgy^Nbg^jOj,  and  ^ts 


solid  solutions  with  PbTiO^. 
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APPENDIX  2.1 

COMPOSITE  PIEZOELECTRIC  TRANSDUCERS 


Composite 

Piezoelectric  Transducers. 


R.E.  NEWNHAM,  LJ.  BOWEN,  KJL  KL1CKER  and  LE.  CROSS 

Materials  Research  Laboratory,  Pennsylvania  Sate  University,  University  Park,  Pa.,  U.S^L  16802 

Considerations  of  the  influence  of  a  period  of  rapid  growth  when  practical  example,  might  require  a  combination 

crystal  symmetry,  macrosymmetry,  applications  and  new  materials  are  of  properties  such  as  a  large  piezo- 

and  interphase  connectivity  have  been  discovered.  During  this  period,  rapid  electric  coefficient  (d  or  g),  low 

used  to  explore  possible  macro-  changes  take  place  in  selecting  the  density,  and  high  mechanical  flexi- 

structures  of  interest  as  piezoelectric  “best”  material  for  each  application,  bility.  A  pyroelectric  detector  might 

composites.  Based  on  these  design  Eventually  the  field  matures  as  the  require  a  large  pyroelectric  coefficient, 

considerations,  ceramic-plastic  compo-  choices  are  made,  and  the  curve  of  low  thermal  capacity,  and  low  dielectric 

sites  have  been  fabricated  with  3-3  history  saturates.  constant.  In  general,  the  task  of 

phase  connectivity  by  the  replication  We  see  this  saturation  effect  in  many  materials  design  may  be  considerably 

of  natural  template  structures  such  as  branches  of  solid  state  research.  In  simplified  if  it  is  possible  to  devise  a 

coral  Composites  prepared  in  this  way  ciectroceramics,  lead  zirconate-titanate  figure  of  merit  which  combines  the 

have  piezo-electric  gjj  and  gu  coef-  (PZT)  has  been  the  best  transducer  most  sensitive  parameters  in  a  form 

flcients  more  than  an  order  of  nagm-  material,  and  barium  titanate  the  best  allowing  simple  intercomparison  of  the 

rude  higher  than  the  coefficients  of  high-permittivity  capacitor  material  possible  “trade  offs”  in  property 

the  homogeneously  poled  ferroelectric  for  the  past  twenty  years.  Similar  coefficients.  In  certain  pyroelectric 

ceramic.  A  simplified  fabrication  tech-  situations  prevail  in  magnetic  materials,  systems,  for  example,  a  useful  figure 

nique  has  been  developed  by  mixing  semiconductors,  ceramics,  and  metal-  of  merit  is  p/e  where  p  is  the  pyro- 

volatiiizable  plastic  spheres  and  PZT  lurgy.  Despite  intensive  search  for  new  electric  coefficient  and  e  the 

powder.  When  sintered  and  back-  compounds,  relatively  few  major  electric  permittivity. 

filled  with  epoxy,  and  poled,  these  changes  have  been  made  in  the  past  Unfortunately,  the  figure  of  merit 
composites  give  excellent  piezoelectric  decade.  often  involves  property  coefficients 

voltage  coefficients.  Large  voltage  co-  which  are  conflicting  in  nature.  To 

efficients  were  also  obtained  from  3-1  Led  by  the  semiconductor  industry,  make  a  flexible  electromechanical 

piezoelectric  composites  made  by  materials  science  now  appears  to  have  transducer  it  would  be  desirable  to 

embedding  PZT  fiber  arrays  in  epoxy  entered  a  new  era,  the  age  of  carefully  have  the  large  piezoelectric  effects 

cement  A  continuous  poling  method  patterned  inhomogeneous  solids  desi-  found  in  poled  piezoelectric  ceramics, 

has  been  developed  for  these  fibers  gned  to  perform  specific  functions,  but  ceramics  are  brittle  and  stiff 

which  makes  it  possible  to  assemble  Examples  of  heterogeneous  systems  lacking  the  required  flexibility,  while 

complex  composites  from  pre-poled  optimized  for  particular  applications  polymen  with  the  desired  mechanical 

PZT  fibers  in  epoxy  matrices.  Multi-  include  semiconductor  integrated  properties  are  at  best  very  weak  piezo- 

layer  composites  with  2-2  connectivity  circuits,  fiber-reinforced  -  metals,  and  electrics.  Thus,  for  such  an  application 

have  been  produced  for  filters  and  barrier-layer  ferroelectric  capacitors,  a  composite  material  combining  the 

other  high-frequency  applications.  No  longer  as  much  concerned  with  the  desirable  properties  of  two  different 

Processing  methods  for  producing  3-1  properties  of  the  best-  single-phase  phases  might  be  vastly  superior.  The 

and  2-2  connected  composites  are  materials,  many  investigators  now  main  problem  is  to  effect  the  combin* 

described.  search  for  the  best  combination  of  ation  in  such  a  manner  as  to  exploit 

materials  and  ways  to  process  them,  the  desirable  features  of  both  comp- 

In  a  very  real  sense,  the  field  has  onents  and  thereby  maximize  the 

1.  Introduction  matured  from  materials  science  to  figure  of  merit. 

Progress  in  materials  science  •  like  materials  engineering  just  as  electrical  During  the  past  few  years  we  have 
progress  in  most  fields  •  follows  an  science  changed  to  electrical  engineer-  been  experimenting  with  piezoelectric 

S-shaped  curve  of  history  (Figure  1).  ing  many  years  ago.  and  pyroelectric  composites  made  from 

When  a  new  effect  such  as  ferroelect-  In  most  electronic  devices  there  are  plastics  and  ferroelectric  ceramics, 

rfdty  is  discovered,  scientific  develop-  several  phases  involved  and  a  number  hoping  to  improve  on  some  of  the 

ment  is  rather  slow  at  first,  until  its  of  material  parameters  to  be  optimized,  properties  of  homogeneous  mater- 

importance  is  recognized.  Then  follows  An  electromechanical  transducer,  for  iais*  -  *  *  * .  Some  of  the  results  are 


159 


summarized  in  this  paper,  along  with 
a  few  design  principles  and  potential 
applications. 


ttm 

Fig,  1  Cum  of  history  for  materials. 
Disco— ry  is  followed  by  a  period  of  rapid 
development,  sod  than  a  is— dag  off.  Tbs 
uas  of  compositss  sometimes  .  leads  to 
tether  pragma. 

2.  Design  Principles 
Combining  materials  means  not  only 
choosing  component  phases  with  the 
right  properties,  but  also  coupling 
them  in  the  best  manner.  Connect* 
nrity  of  the  individual  phases  is  of  ut¬ 
most  importance,  because  this  controls 
the  electric  flux  pattern  as  weQ  as  the 
mechanical  properties.  Symmetry  is  a 
second  important  consideration,  since 
symmetry  and  properties  are  inter¬ 
related  through  tensor  coefficients.  In 
this  regard  there  are  several  lords  of 
symmetry  to  be  considered:  the  crystal¬ 
lographic  symmetry  of  each  phase,  the 
symmetry  after  processing,  the  com¬ 
bined  symmetry  of  the  composite,  and 
the  environmental  influence  on  the 
total  symmetry  including  electrodes 
and  damps. 

The  points  of  interest  an  schematic¬ 
ally  formalized  in  Figure  2  for  a  simple 
two-phase  system.  It  is  interesting  to 
note  that  in  some  composites,  not  only 
are  the  properties  of  the  separate 
phases  modified  (sum  properties),  but 
the  composite  may  exhibit  completely 
new  couplings  (product  properties) 
not  found  in  the  separate  phases. 

41  9ilRl  rTTjpWTMMI  MIO  rTgUUCX 

Properties 

A  physical  property  relates  an  input 
physical  quantity  X  to  an  output 
physical  quantity  Y.  The  X-Y  effect 
may  be  a  linear  relationship  speci¬ 
fied  by  a  property  coefficient 
C  *  3Y/3X,  or  it  may  be  a  more 
complicated  effect.  As  pointed  out  by 
van  Suchteien4,  two  classes  of  X-Y 
effects  can  be  distinguished  in  com¬ 
posites. 

Sum  properties  are  those  in  which 
the  X-Y  effect  of  the  composite  is 
determined  by  the  X-Y  effects  in 
phases  1  and  2.  As  an  example,  con¬ 
sider  the  stiffening  of  a  matrix  by 


strong  parallel  fibers.  Young’s  modulus 
of  the  composite  (£)  depends  on  the 
moduli  of  the  matrix  phase  (‘  E)  and 
the  embedded  fiber  phase  (SE).  In 
the  direction  of  the  fibers,  E  is  given 
by  1  Ev  ♦  *E(l-v),  where  v  is  the 
volume  fraction1.  When  measured  in 
various  directions,  such  properties 
often  vary  between  the  geometric  and 
arithmetic  mean  of  the  properties 
asKdtted  with  the  constituent  phases. 
■  Product  properties  are  less  expected 
and  somewhat  more  complicated:  An 
X-Y  effect  in  the  composite  results 


from  an  X-Z  effect  la  phase  1  and  a 
Z-Y  effect  in  phase  2.  In  other  words, 
applying  X  to  the  composite  causes 
Z  to  change  in  phase  1;  the  change  in 
Z  in  phase  1  causes  Z  to  change  in 
phase  2,  which  then  results  in  a  change 
in  Y  in  phase  2.  The  transfer  of  the 
quantity  Z  from  1  to  2  can  be  accom¬ 
plished  by  several  different  kinds  of 
coupling. 

As  an  example  of  a  product  prop¬ 
erty,  consider  a  magnetoelectric  com* 
potite  made  from  a  ferroelectric 
(phaae  1)  and  a  ferromagnetic  (phase  2). 
Crystallites  of  the  two  phases  are 
assumed  to  be  in  good  mechanical 
contact.  The  ferroelectric  grains  are 
poled  near  the  ferroelectric  Curie 
temperature  in  a  strong  electric  field 
to  make  the  composite  piezoelectric. 
Magnetic  poling  of  the  ferromagnetic 
phase  is  accomplished  in  a  similar  way, 
by  annealing  the  composite  in  a 
magnetic  field. 

When  an  electric  field  is  applied  to 
a  magnetoelectric  composite  of  this 
type  the  ferroelectric  grains  elongate 
parallel  to  the  electric  field.  The 
change  in  shape  of  the  ferroelectric 
grains  causes  the  ferromagnetic  grains 
to  deform,  resulting  in  a  change  in 
magnetization.  Magnet  oeiectric  me¬ 
asurements  on  BaTiOi-CoFe]0«  com¬ 
posites  prepared  by  unidirectional 
solidification  at  the  eutectic  compos¬ 
ition  show  magnet  oeiectric  coefficients 
two  orders  of  magnitude  larger  than 


FI*.  3  Ten  connectivity  patterns  for  a  diphasic  solid.  Each  phase  has  zero-,  one-,  two- 
or  three-  ttimenajonei  connectivity  to  itseif.  in  the  3-1  composite,  for  the  shaded 

phaae  is  three  illmsnilnnany  connected  and  the  unshaded  phase  is  one-dhnensionaily 
TonBicred.  Arrows  are  used  to  indicate  the  connected  directions.  Two  views  of  the  3-3  and 
3-2  pettaree  are  (ties  becauaa  the  two  interpenetrating  networks  are  dlfflcuit  to  visualize 
oa  paper.  The  views  ate  related  by  90°  counterclockwise  rotation  about  Z. 


th*  best  stagl*  phase  material* •  . 
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Connectivity  is  a  key  feature  in 
property  development  in  multiphase 
solids  since  physical  properties  can 
change  by  many  orders  of  magnitude 
depending  on  the  manner  in  which 
connections  axe  made.  Imagine,  for 
instance,  an  electric  wire  in  which  the 
metallic  conductor  and  its  rubber 
insulation  were  connected  in  series 
rather  than  in  parallel! 

Each  phase  in  a  composite  may  be 
self-connected  in  zero,  oae,  two,  or 
three  dimensions.  It  is  natural  to 
confine  attention  to  three  perpendic¬ 
ular  axes  because  piezoelectricity  and 
other  property  tensors  are  referred  to 
such  systems* .  If  we  limit  the  discus¬ 
sion  to  diphasic  composites,  there  are 
ten  connectivities  designated  as  0-0, 

1- 0,  2-0,  3-0,  l-l,  2-1,  3-1,  2-2,  3-2, 
and  3-3.  The  ten  different  connect¬ 
ivities  axe  illustrated  in  Figure  3  using 
a  cube  as  the  basic  building  block.  A 

2- 1  connectivity  pattern,  for  example, 
has  one  phase  seif-connected  in  two- 
dimensional  layers,  the  other  self- 
connected  in  one-dfanenstonal  chains 
or  fibers.  The  connectivity  patterns 
are  not  geomettnOy  unique.  In  the 
case  of  a  2-1  partem  the  fibers  of  the 
second  phase  might  be  perpendicular 
to  the  layers  of  the  first  phase,  as  in 
Figure  3,  or  they  might  be  parallel  to 
the  layers. 

In  passing  we  note  that  connect¬ 
ivity  patterns  for  mom  than  two 
phases  an  basically  similar  to  the 
diphasic  patterns,  but  far  mom  num¬ 
erous.  There  an  20  three-phase 
pure  ms  and  35  four-phase  patterns 
compand  to  the  10  twophan  patterns 
in  Figon  3.  For  n  phases  the  number 
of  connectivity  patterns  is(n  +  3)1/3  !ni 
Triphasic  connectivity  patterns  an 
important  when  electrode  patterns  an 
incorporated  in  the  diphasic  ceramic 
structures. 

During  the  past  few  yean  we  have  been 
developing  processing  techniques  for 
miking  diphasic  cenmic  composites 
with  different  connectivities.  Extra- 
sion,  tape-casting  and  repiaatiae 
methods  have  been  especially  nieces- 
snii.  The  3-1  connectivity  pattern  in 
Figure  3  is  ideally  suited  to  extrusion 
pfenning  a  ceramic  slip  is  extruded 
through  a  die  giving  a  three  dfanenrioo- 
ally  connected  pattern  with  one- 
dimensional  holes,  which  can  Later 


be  filled  with  a  second  phase. 

Another  type  of  connectivity  well 
suited  to  processing  is  the  2-2  pattern 
made  up  of  alternating  layers  of  the 
two  phases.  The  tape-casting  of  multi¬ 
layer  capacitors  with  alternating  layers 
of  metal  and  ceramic  is  a  way  of 
producing  2-2  connectivity.  In  this 
arrangement  both  phases  are  self- 
connected  in  the  lateral  X  and  Y 
directions  but  not  connected  per¬ 
pendicular  to  the  layers  along  Z. 

In  3-2  connectivity,  one  phase  is 
three-dimension  aily  connected,  the 
other  in  two.  This  pattern  can  be 
considered  a  modified  multilayer  pat¬ 
tern  with  2-2  connectivity.  If  holes  are 
left  in  the  layers  of  one  phase,  layers 
of  the  second  phase  can  connect 
through  the  holes  giving  three-dimen¬ 
sional  connectivity. 

The  most  complicated  and  in  many 
ways  the  most  interesting  pattern  is 

3-3  connectivity  (Figure  2)  in  which 
the  two  phases  form  interpenetrating 
three-dimensional  networks.  Patterns 


c 

Four  types  at  cunnet  itvityt  (1) 

of  this  type  often  occur  in  living 
systems  such  as  coral  where  organic 
tissue  and  an  inorganic  skeleton 
interpenetrate  one  another.  These 
structures  can  be  replicated  in  other 
materials  using  the  lost-wax  method* . 
The  repixmine  process,  as  it  is  called. 


can  also  be  used  to  duplicate  the 
connectivity  patterns  found  in  foam, 
wood,  and  other  porous  materials. 

Four  examples  of  eiectroceramics 
with  different  connectivity  patterns 
are  shown  in  Figure  4.  Diphasic 
ceramic  capacitors  have  been  made  of 
BaTiO,  grains  separated  by  thin 
layers  of  NaNbO,  in  the  grain  bound¬ 
ary  regions.  The  sodium  niobate  is 
three-dimensionally  connected  while 
the  barium  titanau  grains  are  not  in 
contact,  making  it  a  3-0  connectivity 
pattern.  The  ceramic  is  manufactured 
by  liquid  phase  sintering  at  temper¬ 
atures  above  the  melting  point  of 
NaNbOj  but  below  that  of  BaTiO  j. 
At  these  temperatures,  sodium  niobate 
melts  and  coats  the  BaTiO,  grains  but 
rapid  cooling  prevents  reaction  between 
the  two  phases.  High  dielectric  constant 
capacitors  made  with  these  micro¬ 
structures  show  excellent  high-voltage 
characteristics.  Normally,  the  polar¬ 
ization  of  barium  titanate  capacitors 
saturates  at  high  voltages,  with  the 


34,  (b)  3-1,  (c)  2-2  aad  (d)  3-3  (rvpUataa). 

dielectric  constant  decreasing  by  is 
much  as  a  factor  of  two;  but  separating 
the  grams  of  ferroelectric  BaTiO, 
with  a  thin  layer  of  antiferrodectric 
NaNbO,  compensates  the  saturation 
effect  to  give  a  fiat  voltage  response10 . 
PZT-piastic  composites  with  3-0 
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connectivity  have  been  examined  by 
Furukawa,  Fujino  and  Fukada1 1 . 
Samples  containing  10  to  30%  PZT 
were  made  by  embedding  fine-grained 
powder  in  an  epoxy  resin  then  diced 
into  thin  wafers,  and  elect! oded  with 
silver.  Limited  poling  was  possible 
because  of  the  conductivity  of  the 
epoxy,  but  the  piezoelectric  coef¬ 
ficients  were  smalL  Mixing  rules  were 
developed  for  spherical  piezoelectric 
inclusions  in  a  non-piezoelectric  matrix. 
The  calculated  d» ,  values  gave  reason¬ 
able  agreement  with  experiment. 

Connectivity  patterns  can  be  syn¬ 
thesized  as  macrostructures,  as  micro- 
structures,  or  even  as  crystal  structures. 
The  BaTlOj-NaNbO)  composite  just 
considered  had  a  3-0  microstructure. 
The  next  three  examples  involve 
macrostructures  with  3-1,  2-2,  and 
3-3  connectivities.  Figure  4b  shows 
an  extruded  BaTiOj  honeycomb 
ceramic  made  by  Dr.  Irwin  Lachman 
of  the  Coming  Research  Center.  The 
ceramic  is  three -dimensionally  con¬ 
nected  with  empty  channels  in  one 
direction  to  provide  the  desired  3-1 
connectivity.  When  the  channels  are 
filled  with  metal  electrodes,  sizeable 
electric  fields  can  be  applied  across 
the  thin  ceramic  wails.  The  device  is 
intended  for  use  as  an  electrostrictive 
micropositioner  for  adaptive  optic 
systems. 

Two  composite  piezoelectric  trans¬ 
ducers  are  illustrated  in  Figures  4c 
and  4d-  The  multilayer  composite  of 
“hard”  and  “soft”  PZT  has  2-2 
connectivity  and  properties  superior  to 
a  angle-phase  piezoelectric.  The  soft 
PZT  has  a  large  piezoelectric  response 
and  is  kept  in  a  poled  state  by  the  hard 
PZT.'  Figure  3d  shows  a  silicone 
rubber-PZT  composite  made  by  the 
repiamine  process3.  The  3-3  connect¬ 
ivity  provides  mechanical  strength  and 
flexibility  from  the  high  polymer,  and 
electric  continuity  and  a  large  piezo¬ 
electric  effect  from  PZT.  The  last  two 
materials  will  be  discussed  in  more 
detail  later. 

4*  nfXOflfCalCI  \y 

A  number  of  materials  with  acentric 
structure  develop  an  electric  polar¬ 
ization  in  response  to  mechanical 
stress.  The  magnitude  of  the  charge  is 
linearly  proportional  to  the  applied 
stress  through  the  piezoelectric  co¬ 
efficient  d,  and  the  sign  of  the  charge 
can  be  changed  by  reversing  the 
direction  of  the  stress. 

Piezoelectric  materials  can  be  either 


single  crystals  or  polycrystalline. 
Quartz  is  the  most  widely  used  single 
crystal  piezoelectric  and  finds  ap¬ 
plications  primarily  in  electronic 
frequency  control  as  resonators  and 
filters.  Poiycrystalline  materials  are 
generally  isotropic  after  densification, 
but  can  be  made  piezoelectric  if  the 
material  is  ferroelectric.  A  polar  axis 
is  introduced  by  electroding  the 
ceramic  and  applying  a  high  electric 
field  (typically  about  3MVm'‘)  at 
temperatures  just  below  the  Curie 
temperature.  Poiycrystalline  ceramic 
piezoelectrics  are  easily  fabricated  in 
complex  shapes  and  are  considerably 
less  expensive  than  single  crystals. 
PZT  (PbZr-Ti  .X0S)  is  the  most 
widely  used  piezoelectric  ceramic. 


The  polarization  (Pj)  developed  in 
a  piezoelectric  under  applied  stress 


Pi  *  di|Tj  (1) 

The  converse  piezoelectric  effect  is 
given  by 

Si-djiEj  (2) 

where  Sj  is  a  strain  component,  IL 
the  applied  electric  field,  and  the 
piezoelectric  coefficient  expressed  in 
coulombs  per  newton,  or  meters  per 
volt.  Subscripts  i  and  j  refer  to  ortho¬ 
gonal  directions  within  the  specimen  ‘ . 


In  ceramics,  the  poling  direction  is 
taken  as  Xj. 

Large  cL  coefficients  are  desirable 
in  piezoelectric  driver  applications  such 
as  ultrasonic  cleaners  and  sonar. 
For  gramophone  pick-ups  and  hydro¬ 
phones  a  useful  figure  of  merit  is 
the  piezoelectric  voltage  coefficient, 
g,  defined  by: 


where  is  the  dielectric  permittivity 
of  the  material. 

Typical  single  crystal  and  poly- 
crystalline  piezoelectrics  and  some  of 
their  relevant  electromechanical  prop¬ 
erties  are  listed  in  Table  1 . 

3.1  Flexible  Transducers 
There  is  considerable  practical  interest 
in  developing  low-density,  compliant, 
flexible  piezoelectric  transducers.  A 
low-density  piezoelectric  would  have 
better  acoustic  coupling  to  water  and 
have  more  easily  adjusted  buoyancy 
than  the  high-density  PZT  ceramics 
now  used  for  hydrophones.  A  com¬ 
pliant  material  would  have  better 
resistance  to  mechanical  shock  than 
a  conventional  ceramic  transducer  and 
a  large  compliance  would  also  mean 
high  damping,  which  is  desirable  in  a 
passive  device.  A  flexible  material 
could  be  deformed  to  any  desired 
profile.  The  development  of  a  piezo¬ 
electric  material  which  exhibits  this 
combination  of  seemingly  conflicting 
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properties  may  be  carried  out  in 
basically  two  different  ways.  The 
traditional  approach  is  to  look  for  a 
single  homogeneous  material  posses* 
sing  ail  the  required  properties.  A  mat* 
erial  of  current  interest  in  this  category 
is  poly  (vinylidene  fluoride),  generally 
referred  to  as  PVFj. 

Piezoelectricity  was  fust  reported 
in  this  material  in  1969  by  Kawai13. 
In  order  to  make  PVFj  piezoelectric* 
ally  active,  a  film  of  the  material, 
usually  about  25  to  75  thick, 
is  electroded  and  polarized  under 
very  large  electric  fields  (about  10 
to  100  MViri*1)  at  elevated  temp¬ 
eratures  (>100°C)  for  times  up  to 
several  hours.  The  films  are  then 
cooled  to  room  temperature  before 
the  field  is  turned  off14.  PVFj  has  a 
dielectric  constant  of  15  which  is  high 
for  normal  organic  materials  but  two 
orders  of  magnitude  lower  than  a 
typical  PZT  ceramic.  The  longitud¬ 
inal  piezoelectric  strain  coefficients 
(d*j)  of  “poled”  PVFj  are  quite 
high  for  polymers  •  on  the  order  of 
10  pCN"1 ,  but  this  is  also  significantly 
lower  than  the  d13  values  for  PZT 
ceramics  which  range  from  about  100 
to  600  pCN*1 .  Although  PVFj  has  a 
relatively  small  d33,  the  permittivity 
of  this  material  is  low  enough  that  a 
large  figure  of  merit  (gJ3)  is  obtained 
(140  x  1CTJ  VmN*1  compared  to 
about  20  x  KT1  VmN"1  for  a  typical 
PZT  ceramic)1 1 .  The  compliance  and 
flexibility  of  PVFj  is  high  and  its 
density  is  low  compared  to  convent¬ 
ional  ceramic  piezoelectrics.  Overall, 
this  combination  of  properties  appears 
quite  attractive  and,  in  fact.  PVFj 
has  gained  the  attention  of  a  number 
of  investigators  whose  efforts  have 
been  directed  toward  developing 
devices  based  on  piezoelectricity  in 
PVT!1*’  “.  There  are,  however, 
problems  associated  with  the  use  of 
PVFj.  The  low  piezoelectric  strain 
coefficient  indicates  that  the  material 
would  aot  be  of  interest  as  an  active 
device,  and  although  its  high  voltage 
sensitivity  means  it  may  be  good  as 
a  passive  device,  a  problem  arises  here, 
too.  When  used  as  a  hydrophone,  the 
material  must  be  fixed  to  a  curved 
surface  which  can  flex  in  response  to 
pressure  changes.  The  difficulty  lies 
in  designing  a  sealed  flexible  mount 
for  the  polymer  which  will  function 
when  exposed  to  the  high  pressures 
which  exist  deep  in  the  ocean  and  still 
renin  <*n*it+v+fv  when  near  the  surface. 


So  we  see,  then,  that  the  figure  of 
merit  gu  is  not  the  sole  criterion, 
but  the  other  aspects  of  the  problem 
must  be  examined. 

A  second  approach  involves  the 
Hxign  and  use  of  a  composite  mat¬ 
erial.  The  composite  should  be  designed 
to  take  maximal  advantage  of  the 
useful  properties  of  each  phase.  A 
logical  choice  is  a  composite  made  of  a 
polymer  and  a  PZT  ceramic.  The 
polymer  phase  would  lower  the  density 
and  permittivity  and  increase  the 
elastic  compliance.  If  an  elastomer  is 
used,  the  composite  would,  be  com¬ 
pliant  and  flexible.  The  properties  of 
piezoelectric  PZT  are  well  known  to 
electromechanical  transducer  designers, 
and  these  materials  could  impart  large 
piezoelectric  strain  coefficients  to  the 
composite.  A  few  attempts  have  been 
made  at  creating  an  elastomer/PZT 
composite  for  use  as  a  flexible  low- 
density  transducer111.  The  approach 
used  in  these  attempts  was  to  load  a 
polymer  film  with  particles  of  a 
piezoelectric  material.  The  degree  of 
flexibility  and  the  magnitude  of  the 
d  and  g  coefficients  are  primarily 
controlled  by  the  size  of  the  piezo¬ 
electric  particles  in  the  heavily  loaded 
elastomer  film. 

Earlier  flexible  composites  made  at 
Gould  were  fabricated  using  5  to  10  pan 
particles  bound  in  a  polyurethane 
matrix.  A  similar  material  (T-flex)  was 
developed  by  Harrison1 7  using  120  fan 
particles  in  a  silicone  rubber  matrix. 
The  longitudinal  d  values  obtained  in 
both  cases  were  comparable  to  the 
piezoelectric  PVFj  material  but  the 
voltage  sensitivities  were  lower  because 
of  the  higher  permittivites  in  the  com¬ 
posites.  The  difficulty  with  this  type 
of  composite  where  the  piezoelectric 
particles  are  smaller  in  diameter  than 
the  thickness  of  the  polymer  sheet 
(Figure  5a)  is  that  low  permittivity 
polymer  layers  interleave  the  piezo¬ 
electric  particles  preventing  saturation 
poling  after  the  composite  is  formed. 
After  some  poling  has  been  achieved, 
the  interleaved  compliant  polymer 
attenuates  the  piezoelectric  response 
of  the  composite. 

.  Composites  are  made  at  Honey¬ 
well1  7  which  contain  much  larger 
particles  (up  to  2.4  mm  in  diameter). 
A  material  of  this  type  is  shown 
schematically  in  Figure  5b.  Here  the 
particle  size  approaches  the  thickness 
of  the  composite.  Since  the  piezo- 

wWttir  run  from  nincrvnde  to 


electrode,  near  saturation  poling  can 
be  achieved.  The  large  rigid  piezo¬ 
electric  particles  can  transmit  an  ap¬ 
plied  stress  well  leading  to  high  d 
values  if  d  is  measured  across  the 
particles.  Permittivites  in  these  mat¬ 
erials  are  low  compared  to  homo¬ 
geneous  PZT,  resulting  in  high  g  co¬ 
efficient.  The  problem  here  is  that 
properties  of  the  composite  are 
extremely  position  sensitive. 


(o) 


2 


(b) 

Ft*.  5  Two  type*  of  piezoelectric/ 
polymer  composites:  (a)  represents  snail 
piezoelectric  particles  suspended  in  a 
polymer  (Urn;  (b)  represents  bound  piezo¬ 
electric  partides  of  a  size  comparable  to 
the  thirlmaw  of  the  polymer  sheet. 

To  make  an  effective  composite 
transducer,  it  can  be  seen  that  one 
cannot  merely  mix  two  materials 
together  -  some  other  consideration  is 
necessary.  Designing  a  composite  en¬ 
tails  not  only  choosing  component 
phases  with  the  right  properties  but 
also  coupling  the  materials  in  the 
optimal  manner.  The  connectivity  of 
each  phase  is  of  major  importance 
since  this  controls  the  electric  flux 
partem  and  the  mechanical  stress 
distribution. 


12  Compoeitee:  Series  Connection 
To  illustrate  the  major  modifications 
in  ensemble  properties  which  can  be 
effected  even  in  simple  linear  systems, 
one-dimensional  solutions  are  present¬ 
ed  for  the  piezoelectric  and  pyro¬ 
electric  properties  of  heterogeneous 
two-phase  structures1  1 . 

Consider  fust  the  piezoeiectnc 
properties  of  lamellar  diphasic  com¬ 
posites.  Longitudinal  piezoelectric  co¬ 
efficient  djj  has  been  derived  for  a 
diphasic  piezoelectric  with  :he  con¬ 
stituent  phases  arranged  tn  alternating 
layers  normal  to  the  X»  direction 
(Figure  6s).  Designating  phase  i  wuh 
a  superscript  1.  and  phase  2  with 
superscript  2.  phase  I  lias  volume 
fraction  lv,  piezoeiectnc  coefficient 
lrU«  and  oermittivuv  '<,j.  and 
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ft; 
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ptus«  2  has  ir,  *d33,  and  *e3#, 
respectively.  Solving  for  the  piezo¬ 
electric  coefficient  of  the  composite 
gives 

(1) 

l**d3>2e33  vVdn'en 
3,3  *  ‘v2*,, +Ve33 

Using  the  relation  g33  * 
yields  the  piezoelectric  voltage  co¬ 
efficient  (2) 

Mdll 

Lj*  - * - 

It  is  interesting  to  note  that  for  series 
connection  even  a  very  thin  low- 
permittivity  layer  rapidly  lowers  the  d- 
coefficient  but  has  little  effect  on  the 
corresponding  g-coeffident. 


X3  Composite*:  Peretlei  Connection 
If  the  two  phases  lie  in  layers  perpen¬ 
dicular  to  the  electrode  (Figure  6b), 
again  for  the  one-dimensional  case  and 
neglecting  transverse  coupling,  the 
composite  piezoelectric  coefficient  is 

Vdjj^jj  +VdjjlS3J 

d33  «  - 

<3) 

where  ls33  and  2s*]  are  the  elastic 
compliance  for  stresses  normal  to  the 
electrodes.  For  the  voltage  coefficient. 


(4) 

'  V. 1  ti,  J  *11, 

i'v1*,.,  ♦VsjjH'v1 

«J|  *lv2«u) 

— -Pham  t 

— — Plw aa  2 

i 

(b)  • 

Fig.  6  Tbs  seriM  (a)  and  paaiki  (b) 
niodali  uaad  is  udnidsf  tha  pcotkcrric 
asd  pnoelectric  affaeta  of  dip  Italic  solid a. 

A  composite  of  interest  here  is  that  of 
an  elastically  compliant  nonpiezo- 
electric  in  parallel  with  a  stiff  piezo¬ 


electric.  In  this  case  ld33  >  2d33, 
l*ss  <  ,*ss.  *▼  ■  lv  «  M  then 
I33  *  Ld,j,  and  if  le«  >  Je33, 
Sss  31  *8  Hi  and  for  smaller  volume 

fractions  of  the  piezoelectric  phase, 
the  g-coeffidem  is  correspondingly 
amplified.  It  is  this  case  which  accounts 
for  the  highly  successful  performance 
of  the  replamineform  transducer 
structure  described  in  a  later  page. 
The  structure  also  has  considerable 
hydrostatic  sensitivity. 

3 A  Hydrostatic  sensitivity 
A  problem  arises  when  one  attempts 
to  use  solid  PZT  as  a  hydrostatic 
sensor  because  d33  is  approximately 
equal  to  «2d3tl  resulting  in  a  low 
piezoelectric  response  to  hydrostatic 
pressure  change.  Since  sizeable  g33 
coefficients  can  be  obtained  for  com¬ 
posites  with  parallel  connection,  it  is 
interesting  to  inquire  into  the  hydro¬ 
static  sensitivity  of  this  type  of  con¬ 
nectivity2 . 

To  evaluate  the  effective  hydro¬ 
static  sensitivity  for  parallel  connect¬ 
ion,  it  is  necessary  to  evaluate  die 
transverse  piezoelectric  coefficient  d3 1 
since  P3  ■  -p(333  ♦  2j3t)  where  p  is 
the  applied  hydrostatic  pressure.  Since 
the  PZT  rods  are  connected  in  series 
in  the  jateral  directions  it  can  be  shown 
that  d31  a  lv*d3t  *  2v2d3l.  This 
leads  to  a  hydrostatic  piezoelectric  co¬ 
efficient 


Suppose  for  the  composite  we 
choose  equal  volumes  of  piezoelectric 
PZT  (pahse  l)  and  a  soft  elastomer 
(phase  2)  such  that  lv* 2v* *4,  ls33  ■< 

^ss/dss^dss.utd'dss  a-2ld3l. 

For  the  composite  d3 t_*  14  1  d3 1  and 
d33  *  ‘d33,  giving  djj  a  14  ld33. 

This  is  a  considerable  improvement 
over  single  phase  performance.  Since 
the  hydrophones  used  under  hydro¬ 
static  conditions  are  normally  voltage 
generators,  the  further  favourable 
enhancement  of-  the  voltage  coef¬ 
ficient  can  also  be  exploited: 
gj}  ■  du/e33.  Lowering  the  permit¬ 
tivity  e33  increases  the  sensitivity 
to  small  pressure  changes  by  raising 

K 

4*  PteHMfectrtQ  CompoiftM  with  3-1 
Connectivity 

Considering  the  parallel  connectivity 
described  above,  the  ideal  three 


dimensional  case  is  one  of  PZT  rods 
embedded  in  a  continuous  polymer 
phase,  that  is,  3-1  connectivity  (sec¬ 
tion  2.2).  According  to  this  equal 
strain  composite  theory,  J33  should 
not  be  a  function  of  the  volume 
fraction  of  PZT  in  the  composite. 
This  assumes  an  idealized  situation  in 
which  the  polymer  phase  is  far  more 
compliant  than  PZT,  causing  all  the 
stress  on  the  polymer  to  be  transfer¬ 
red  to  the  PZT  rods.  That  is,  as  the 
volume  fraction  of  PZT  decreases,  the 
stress  on  the  rods  increases  proportion¬ 
ally,  so  that  the  charge  per  unit  area  of 
the  composite  is  constant.  For  pressure 
sensors,  it  is  not  necessary  that  3S1  be 
large  in  order  to  enhance  the  3^  co¬ 
efficient  of  the  composite.  If,  as  the 
volume  fraction  of  PZT  is  decreased, 
dn  decreases  more  rapidly  than  d33, 
then  d^  will  be  increased.  Likewise,  if 
e33  decreases  more  rapidly  than  3^, 
as  the  volume  fraction  PZT  decreases, 
then  gj,  will  be  enhanced. 

4.1  Fabrication  Method 

The  thin  PZT  rods  required  fot  3-1 
composites  must  be  sintered  to  near 
theoretical  density  (7900kgnfJ)before 
they  can  be  poled.  For  the  composite 
transducers  described  here,  the  rods 
are  formed  by  extrusion  of  a  PZT- 
organic  binder  slip1  * . 

Ninety  weight  percent  of  PZT  is 
mixed  with  a  solution  of  2%  poly¬ 
vinyl  alcohol  and  3%  water,  and  the 
mixture  bail  milled  for  16  hours  to 
homogenize  the  slip.  Further  homo¬ 
genization  is  achieved  by  repeatedly 
extruding  the  slip  through  a  one  mm 
diameter  die.  The  PZT  rods  are  then 
extruded  onto  a  moving  dass  plate, 
dried  for  ten  hours  at  1 20®C,  cut  into 
3  cm  lengths  and  heated  at  S50°C 
for  30  minutes  to  burn  out  the  binder. 
Sintering  is  carried  out  at  1300°C  for 
30  minutes  in  the  presence  of  a  PbO 
vapor  Source  composed  of  97  mole 
%  PZT  and  3  mole  %  PbO  to  compen¬ 
sate  for  lead  loss.  To  reduce  porosity 
and  improve  their  dielectric  breakdown 
strength,  the  sintered  rods  are  retired 
in  a  hot  isosutic  press  (HIP)  for  one 
hour  at  I300°C  under  20  MPa  argon 
pressure.  Use  of  the  HIP  unit  increases 
the  relative  density  of  the  rods  from 
0.94  to  about  0.98.  PZT  rods  ranging 
between  200  and  340  urn  in  diameter 
have  been  used  in  the  composites. 

A  fixture  consisting  of  two  brass 
discs,  each  with  an  array  of  holes,  is 
used  to  align  the  rods  (Figure  7). 


Several  hole  patterns  have  been 
dallied,  for  each  of  the  rod  sizes  so  that 
composites  of  50,40,  30,  20  and  10 
volume  %  PZT  can  be  prepared.  When 
a  rack  has  been  filled  with  rods  it  is 
placed  in  a  plastic  tube  and  the  tube 
filled  under  vacuum  with  the  approp¬ 
riate  epoxy  resin,  thus  ensuring 
complete  investment  of  the  rods  by 
the  polymer.  The  epoxy  is  cured  at 
70°C  for  sixteen  hours,  and  segments 
1^3  and  4  mm  in  thlclmea  are  cut 
from  the  slug  (Figure  7)  with  a 
diamond  saw.  Use  excess  epoxy 
around  the  composite  is  trimmed  off 
so  that  a  uniform  composite  remains. 


Air-dry  ufrvr  electrodes  were  ap¬ 
plied  and  the  samples  poled  in  a  73®C 
oil  bath  for  five  minutes  using  a  field 
of  2.2  MVnf  ‘ .  Permittivity  wee 
measured  at  1  kHz  using  a  capacit¬ 
ance  bridge,  and  the  piezoelectric 
coefficient  determined  with  a  di¬ 
meter  using  two  rounded  rams.  The 
hydrostatic  piezoelectric  coefficient 
(d^)  was  measured  by  altering  pres¬ 
sure  in  an  oil  chamber  at  a  rate  of  3  J 
MPas'*  and  collecting  the  charge  with 
an  electrometer  connected  in  a  feed¬ 
back  integration  mode  which  main¬ 
tained  constant  electric  field  conditoas. 

To  providing  a  better  undemanding 
of  piezoelectric  composites,  the  follow¬ 
ing  factors  have  been  varied:  volume 
fraction  PZT,  rod  diameter,  and 
sample  thickness.  Specifying  the  tod 
diameter  and  volume  fraction  PZT 
automatically  fixes  a  fourth  factor 
the  distance  between  rods.  Obviously, 
if  the  stress  on  the  polymer  is  to  be 
transferred  to  the  PZT  rods,  the 
distance  from  a  particular  point  in 
the  polymer  to  the  nearest  rod  is 
important.  For  a  given  volume  fract¬ 
ion  of  PZT,  the  rods  are  much  closer 
together  in  composites  with  small  rod 
diameters,  and  with  closely-spaced 
rods,  the  composite  becomes  more 


piezoeiectrically  homogeneous. 

Figure  S  shows  that  for  PZT 
volume  percentages  down  to  40%  the 
3*3  coefficients  are  comparable  to  the 
value  of  d)j  for  solid  PZT,  about 
400  pCN*1 .  Below  40%  PZT,  the  d3, 
values  decrease,  but  even  at  10%  are 
still  greater  than  half  the  value  for 
pure  PZT. 


Pig.  S  I)j  n  vo  turn*  %  PZT. 

The  data  shown  in  Figure  8  were 
measured  on  composites  4  mm  thick, 
d))  values  for  composites  of  3  2  and 
1  mm  thickness  were  also  measured, 
and  a  thickness  effect  was  observed. 
For  all  composites  the  d)  j  coefficients 
decreesed  with  increasing  thickness. 
The  magnitude  of  the  thicknesa  effect 
wia  a  function  of  rod  diameter,  volume 
fraction  PZT  and  separation  between 
the  rods. 

4J  Permittivity  and  Voltage 

UNTTNNnl 

The  dielectric  constant  of  a  3-1 
composite  can  be  estimated  from  a 
model  based  on  two  capacitors  con¬ 
nected  in  panileL  The  value  of  <)3 
varies  linearly  with  volume  fraction, 
and  since  the  dielectric  constant  of 
PZT  is  about  1600,  and  that  of  the 
epoxy  is  about  7,  the  value  of  <33 
may  be  approximated  as  1600  v, 
where  v  is  the  volume  fraction  of 
PZT.  Experimental  values  of  ?ss 
agree  well  with  the  theoretical  values, 
as  shown  in  Figure  9. 

The  piezoelectric  voltage  coefficient 
under  m««*9«l  loading  is  defined  as 
gas  ■  d) )/«)).  The  g)3  coefficient 
of  solid  PZT  is  approximately  29  x  10"* 
Visin'*  .  Figure  10  shows  the  depend¬ 
ence  of  gu  on  volume  fraction  of 
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Fig.  9  Relative  permittivity  as  a  function 
of  volume  %  PZT. 

PZT  and  on  rod  diameter  for  composite 
samples  4  mm  thick.  While  there  is  little 
dependence  on  rod  diameter,  the 
magnitude  of  g33  is  greatly  affected 
by  volume  fraction.  A  composite  of 
254  ion  diameter  rods  with  a  volume 
fraction  of  0.025  PZT  has  a  piezo¬ 
electric  voltage  coefficient  neatly 
nine  times  greater  than  that  of  pure 
PZT.  All  the  3-1  composites  have 
larger  gjj  coefficients  than  solid  PZT. 


•aim  9  >rr 

Fig,  10  2ss  u  a  function  of  volume  % 

m. 

4.4  Hydroetatio  Ptexpeteetrie  Effects 
In  figures  11-13,  is  plotted  as  a 
function  of  composite  thickness,  rod 
diameter  and  .volume  %  PZT.  As 
observed  in  the  d3  3  measurements,  the 
hydrostatic  piezoelectric  coefficient 
is  a  function  of  sample  thidotfss.  For 
most  of  the  composites,  the  d^  values 
are  substantially  larger  than  that  of 
pure  PZT.  Solid  ceramic  peilets 
identical  in  compositiqp  with  the  PZT 
rods  have  an  average  of  31  pCN** . 
As  predicted,  composites  with 


165 


lower  volume  fractions  of  PZT  have 
higher  values  of  djj.  Theory3  indicates 
that  dj  i  should  decrease  linearly  with 
the  volume  fraction  of  PZT  while  dj  3 
remains  constant.  If  this  were  true, 
dL  should  increase  linearly  as  the 
volume  fraction  of  PZT  decreases. 
However,  the  measurements  indicate 
that  djj  decreases  when  the  volume 
fraction  of  PZT  drops  below  40%  PZT. 

If  both  d)t  and  d13  decreased  with 
PZT  content,  then  d^  might  decrease, 
or  increase,  or  remain  constant  as  the  - 
volume  %  PZT  decreased.  As  shown  in  2 

Figure  12  all  of  these  occur.  In  comp-  * 

osites  made  with  840  micron  diameter  £ 
rods,  dj,  decreases  with  volume  fraction 
PZT.  For  composites  containing  600 
micron  rods,  dj.  is  nearly  constant 
from  50%  to  20%  PZT,  while  the  com¬ 
posites  made  with  400  micron  rods 
show  an  increase  in  du  over  the  same 
range.  Although _the  10%  composites 
have  the  lowest  d^  coefficients  for  all 
the  rod  sizes,  them  samples  show  the 
largest  increases  in  d^  with  each  reduct¬ 
ion  in  rod  diameter.  From  the  data 


Q  254  microns 
&  *C'  microns 


it  appears  that  if  the  rod  diameter 
could  be  further  reduced,  the  10% 
composites  would  have  the  largest 
hydrostatic  piezoelectric  coefficient. 
The  fact  that  the  composites  with  the 
lowest  volumc.fraction  of  PZT  have 
the  highest  4^  is  consistent  with 
theory,  but  die  magnitude  of  the 
experimental  values  are  less  than 
one  third  the  theoretical  values.  It 
must  be  remembered  that  the  theory 
called  for  a  second  phase  which  was 
much  more  compliant  than  the  piezo¬ 
electric  phase,  and  since  epoxy  is  a 
stiff  polymer,  better  agreement  with 
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Fig.  12  dj,  as  a  function  of  vofaioa  %  PZT 

the  theory  is  expected  when  an 
elastomer  is  used  as  the  second  phase. 

_  The  hydrostatic  voltage  coefficient 
gL  is  espial  to  djj  divided  by  (}), 
the  composite  permittivity  measured 
in  the  poling  direction.  .Composites 
with  substantial  values  of  d^  and  small 
volume  fractions  of  PZT,  have  extreme¬ 
ly  large  hydrostatic  voltage  coefficients. 
Figure  13  shows  a  plot  of  gk  for  the 
data  shown  in  Figures  9  ana  12.  The 
dotted  line  in  Figure  13  is  the  value  of 
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gjj  for  solid  PZT.  A 10%  PZT  composite 
made  from  254  micron  rods  has  a 
voltage  coefficient  more  than  twenty- 
five  times  that  of  the  solid  PZT.. 
Although  use  of  a  more  compliant 
matrix  would  not  appreciably  affect 
r3],  the  resulting  enchancement  of  d^ 
would  cause  a  corresponding  increase 
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Fig.  11  3j,  as  s  Auction  of  voinma  %  tZT,  rod  diamster  and  compoats  tUdcasss. 


Fig.  13  function  of  volume  S  PZT 

4  J  Specific  Gravity 
The  density  of  a  composite  transducer 
is  important  because  of  weight  con¬ 
siderations  and  acoustic  impedance 
matching  to  the  load.  Density  and 


acoustic  velocity  differences  between 
the  transducer  and  the  surrounding 
medium  cause  reflection  losses  due  to 
mismatch  in  acoustic  impedances. 
Reducing  the  density  of  the  transducer 
to  a  value  near  that  of  water  may 
help  to  minimize  these  losses,  at  least 
in  the  quasi-static  case. 

The  density  of  the  composite  can 
be  adjusted  between  the  density  of 
PZT  (7,900  kgm*1)  and  that  of  the 
epoxy  (about  1000  kgm*1).  It  is  im¬ 
portant  to_  note  that  the  greatest 
values  of  djj,  g^,  and  gjj  are  ail 
found  in  the  composites  with  low 
volume  fractions  of  PZT.  Therefore 
the  desired  properties  of  low  density 
and  large  piezoelectric  coefficients  are 
obtained  with  the  same  composites. 

4.8  Other  Fabrication  Methods 

The  production  of  3-1  composites  is 
hot  limited  to  the  use  of  extruded  rods. 
Rods,  ban,  fibers,  or  other  small 
PZT  elements  may  be  made  by  other 
techniques  such  as  dicing  a  sintered 
PZT  ceramic,  dipping  cloth  thread  in 
a  PZT  slip  or  solution,  or  spraying  a 
thread  with  PZT  slip  and  then  burning 
out  the  thread  and  sintering  the  PZT. 
A  sintered  PZT  slug  might  be  cut  in 
a  criss-cross  manner  with  a  diamond 
saw  to  produce  an  array  of  PZT 
columns  of  desired  dimension  and 
spacing.  The  manner  in  which  the  rods 
are  produced  is  not  important.  Neither 
is  the  technique  in  which  the  rods  are 
aligned.  We  have  aligned  rods  by 
moving  the  discs  of  the  alignment  tack 
dose  together  so  that  rods  aligned  in 
the  rack  protrude  several  millimeters 
beyond  the  end  of  the  rack.  By 
positioning  the  array  upright  in  a 
shallow  dish,  a  single  composite  may 
be  made  by  pouring  epoxy  into  the 
dish  to  the  depth  of  the  desired 
composite  thickness.  This  technique  is 
especially  useful  when  making  comp¬ 
osites  with  an  elastomer  matrix. 

Composites  may  be  made  with  a 
matrix  other  than  epoxy.  A  matrix  of 
a  polyester  resin  results  in  du,  gjj, 
djj,  and  coefficients  comparable  to 
those  obtained  with  epoxy  composites. 
Composites  have  been  made  with 
elastomers  such  u  silicone  rubber 
and  polyurethane.  Transducers  made 
with  these  elastomers  are  mechanic¬ 
ally  flexible.  Because  of  the  difficulty 
of  cutting  or  sawing  elastomer  compo- 
sites  without  breaking  the  PZT  rods, 
such  composites  must  be  cast  to  size 
u  just  described. 


4.7  Continuous  Poling  of  PZT  Fibers 
With  normal  fabrication  procedures, 
the  composite  thickness  is  limited  by 
the  size  of  the  electric  field  required  to 
pole  the  piezoelectric  component.  At 
22  MVm*1  poling  field,  lOkV  power 
supply  restricts  the  thickness  of 
PZT -polymer  composites  to  about 
5  mm.  The  continuous  poling  technique 
developed  by  Gururaja1*  eliminates 
this  problem  by  using  pre-poled  PZT 
rods  of  any  length.  The  pre-poled  rods 
can  also  be  used  to  fabricate  comp¬ 
osites  in  which  rods  are  aligned  in  many 
different  patterns,  making  new  trans¬ 
ducer  designs  feasible. 

The  continuous  poling  technique 
utilizes  the  idea  of  gradually  advancing 
a  rod  between  two  electrical  contacts 
maintained  at  the  required  potential 
difference.  Electrical  contact  to  the 
PZT  rods  is  achieved  in  two  ways. 

In  the  first  method,  the  wetting 
behaviour  of  a  low-melting  solder 
with  copper  is  utilized  to  form  a  molten 
film  of  solder  over  a  circular  hole 
(2-4  mm  in  diameter)  in  a  copper 
plate  (2  mm  thick).  The  entire  system 
is  immersed  in  an  oil  bath  maintained 
at  150°C.  The  surface  tension  and  the 
upward  thrust  of  the  heated  oil  keep 
the  molten  film  stable.  A  second 
copper  plate  is  positioned  2-4  mm 
away  from  the  first  plate  to  provide 
the  second  electrical  contact. 

In  the  second  method,  conductive 
carbon  foam  is  attached  to  both  the 
top  and  bottom  copper  pistes  using  a 
conductive  epoxy.  The  PZT  rods  are 
pulled  through  the  foam  attached  to 
the  copper  plates,  in  an  oil  bath 
maintained  at  80°C.  The  separation 
between  the  two  electrodes  and  the 
pulling  rate  are  the  same  as  in  the 
molten-solder  method.  An  electric 
field  of  1.6-1. 8  MVm"4  is  required  to 
pole  the  rods  to  saturation  because  the 
poling  temperature  is  only  80°C. 

4.8  PZT  Spheres 

Initial  work  on  PZT -polymer  comp¬ 
osites  undertaken  by  Harrison  and 
co-workers17  utilized  coarse  granules 
of  sintered  PZT  rather  than  PZT  rods. 
A  schematic  drawing  of  this  PZT- 
loaded  polymer  film  is  shown  in 
Figure  5b.  Silicone  rubber  was  used 
as  the  matrix  material  because  of  its 
flexibility  over  a  wide  temperature 
range.  The  piezoelectric  properties 
were  optimized  by  adjusting  the  size 
of  the  granules  and  the  volume  fraction 
of  PZT.  Typical  values  were  given  in 
Table  2. 


PZT  granules  of  irregular  shape 
assume  a  variety  of  orientations  with 
respect  to  the  parallel  surface  of  the 
composite  and  thus  grinding  does  not 
expose  every  granule  to  the  eiectroded 
surface.  For  poling  of  the  PZT  elements 
to  occur,  these  elements  must  be  in 
electrical  contact  with  both  eiectroded 
surfaces.  Therefore,  composites  fabri¬ 
cated  from  irregular  granules  are 
The  inactive  PZT  fragments  not  only 
detract  from  piezoelectric  response  of 
the  composite  but  also  increase  the 
density  and  decrease  the  flexibility 
unnecessarily. 

Similar  composites  have  been  fabri¬ 
cated  by  Safari  and  Bowen20  using 
PZT  spheres  instead  of  irregular 
granules.  Spheres  offer  several  poten¬ 
tial  advantages  over  irregularly  shaped 
particles.  Composites  are  easily  fabri¬ 
cated  by  pouring  the  spheres  into  a 
pan  to  form  a  mono-layer,  and  then 
covering  them  with  the  polymer 
phase.  A  light  sanding  exposes  the 
PZT,  allowing  contact  to  both  elect¬ 
rodes.  This  results  in  excellent  poling 
and  piezoelectric  activity. 

Thera  is  the  possibility  of  stress 
modification  in  the  PZT  sphere 
composites  since  the  compressive 
stress  is  bom  primarily  by  the  small 
regions  at  the  too  and  bottom  exposed 
to  the  eiectroded  surface,  re  Milting  in 
a  tensile  orthogonal  stress.  The  sign  of 
d3 ,  is  thus  reversed  near  the  perimeter 
of  the  spheres,  where  the  ceramic 
is  under  tension,  and  djj  may  be 
enhanced  (section  3  A).  Piezoelectric 
voltage  coefficients  gJ3  and  gL  may 
also  be  enhanced  because  of  the  low 
permittivity. 

5.  Piezoelectric  Composites  with 

3-3  Connectivity 

As  shown  in  the  previous  section,  a 
composite  with  3-1  connectivity  makes 
an  effective  piezoelectric  transducer. 
Since,  however,  in  firing  the  ceramic 
fibers  one  must  maintain  this  orient¬ 
ation,  some  interconnections  between 
the  rods  are  helpful;  l.e.  partial  3-3 
character  is  required.  In  a  3-3  tem¬ 
plate,  both  phases  are  continuously 
connected  in  ail  three  dimensions. 
This  type  of  structure  is  exhibited  by 
certain  polymer  foams,  some  diphasic 
glasses,  three-dimensionaily  woven 
materials,  and  by  biological  substances 
such  as  wood  and  coraL 
S.1  Repiamtnc  Proms 
Coni  skeletons  are  characterized  by  a 
structure  with  the  following  features' 
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Fig.  14  The  repiamine  “lost-wax"  fabrication  process. 


rubber,  and,  after  the  surface  has  been 
cleaned,  a  silver-loaded  silicone  rubber 
electrode  is  applied.  The  composite  is 
then  poled  at  a  field  strength  of 
1.4  MVnf1  for  5  minutes  at  100°C. 
Relative  permittivity  of  the  unbroken 
composite,  as  determined  with  a 
capacitance  bridge,  is  about  100.  The 


Fig.  15  Flexibility  in  a  PZT/alfcone 
robber  composite  fabricated  using  the 
Repianune  process. 


(i)  a  narrow  pore  size  distribution; 

(ii)  a  pore  volume  approximately  equal 
to  the  solid  phase  volume,  and  (iii) 
complete  pore  interconnectivity  mak¬ 
ing  every  pore  accessible  from  all 
other  porn.  The  dimensions  of  the 
pores  vary  from  species  to  species, 
but  within  one  species  the  size  range 
is  quite  narrow.  Different  species  of 
coral  have  various  degrees  of  aniso¬ 
tropy  in  their  structure  ranging  from 
a  3-1  connectivity  of  nearly  parade! 
tubes  to  highly  isotropic  3-3  struct¬ 
ures.  Figure  4  shows  a  micrograph 
cube  of  the  calcium  carbonate  'eton 
of  the  coral  species  gomopora  -oich 
we  have  used  as  a  structural  template 
for  making  composite  transducers. 
The  replicating  technique,  known  as 
the  repiaminefonn  process,  was  deve¬ 
loped  at  the  Materials  Research  Lab¬ 
oratory  at  Penn  State  for  producing 
prosthetic  materials* .  We  chose  the 
repiaminefonn  process  for  reproduc¬ 
ing  the  3-3  connectivity  type  because 
of  pan  experience  with  this  proced¬ 
ure,  although  other  preparation  tech¬ 
niques  may  be  more  practical. 

The  first  step  of  the  repiamine 
process  (Figure  14)  is  to  shape  the 
coral,  which  is  easily  machinable, 
to  the  desired  geometry.  The  coral 
template  is  then  vacuum-impTegnated 
with  a  casting  wax  and  the  wax 
allowed  to  harden,  after  which  the 
calcium  carbonate  coral  skeleton  is 
leached  away  in  hydrochloric  add 
leaving  a  wax  negative  of  the  original 
coral  template.  The  negative  is  re¬ 


invested  with  a  PZT  slip  (average 
grain  size  ~  2  Mm)  containing  PZT, 
water,  and  poiy(vinyl  alcohol).  In¬ 
vestment  is  carried  out  by  vacuum 
impregnation  with  vibratory  action  to 
render  the  thixotropic  PZT  slip  fluid. 
The  wax  negative  is  burned  off  leaving 
a  coral-type  structure  of  PZT  which  is 
then  sintered  for  one  hour  at  1300°C. 
A  13%  linear  shrinkage  is  observed  in 
the  replicas,  but  the  replicated  pore 
structure  is  maintained.  The  PZT 
replica  is  back-filled  with  a  suitable 
polymer  such  as  a  high  purity  silicone 


average  longitudinal  piezoelectric  co¬ 
efficient  d)  ,  obtained  for  the  unbroken 
composite  is  approximately  1 60  pCN-1 . 
As  poled,  the  repiamine  replica  is 
soil  a  rigid  structure  because  of  the 
three-dimensional  connectivity  of  the 
ceramic  phase.  If,  however,  the  body 
is  now:  crushed  to  break  the  ceramic 
connectivity,  an  extremely  flexible 
piezoelectric  composite  results  (Figure 
1 5).  Crushing  is  carried  out  by  reducing 
the  sample  height  to  about  80%  of 
its  original  value  and  simultaneously 
shearing  the  sample  20%  of  the  sample 


TABLE  2  Hydrostatic  Mode  Materials 
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height  about  an  axis  perpendicular  to 
the  crushing  force  direction. 

By  breaking  the  poied  ceramic 
the  easy  electric  flux  path  through  the 
poled  piezoelectric  is  interrupted,  thus 
lowering  the  permittivity.  The  pieces 
of  poled  piezoelectric  are  still  held  in 
position  by  the  polymer  matrix  and 
will  therefore  jtill  transmit  stress.  As 
a  result,  the  djj  coefficient  remains 
high  while  the  permittivity  is  reduced 
and  thus  the  longitudinal  piezoelectric 
voltage  coefficient,  £j3  (■  djj/ej3)t 
is  greatly  enhanced  with  respect  to 
the  g  value  of  a  homogeneous  ceramic 
piezoelectric. 

After  disrupting  the  connectivity  of 
the  PZT  phase  by  crushing  the  sample,  ^ 
the  relative  permittivity  is  reduced  to 
about  40,  while  djj  is  only  reduced 
to  about  100  pCN*1.  Hence,  the  gj3 
values  of  these  flexible  composites  are 
approximately  300  x  10T1  VmN"‘ , 
which  is  fifteen  times  better  than  a 
homogeneous  PZT  transducer.  Table  2 
contains  a  comparison  of  transducer 
characteristics,  from  which  it  is  obvious 
that  the  replamme  composite  of  PZT 
and  silicone  rubber  compxfai  very 
favourably  with  homogeneous  trans¬ 
ducer  materials  for  passive  device 
applications.  The  compliance  of  the 
composite  is  large  compand  to  solid 
PZT,  imparting  mechanical  shock 
resistance. 

5.2  Alternative  Fabrication  Methods 
Several  alternative  methods  of  making 
3-3  transducer  composites  have  been 
suggested1 12,3 ,  utilizing  simpler  fabri¬ 
cation  techniques  than  the  coral 
replamine  process. 

The  method  proposed  by  Shrout3 1 , 
involves  the  use  of  a  volatile  phase 
in  the  fabrication  procedure.  Commer¬ 
cially  available  PZT  powder  is  mixed 
with  polymethyl  methacrylate  (PMM) 
spheres  (SO  to  ISO  /an  diameter)  in  a 
30/70  volume  ratio.  The  mixture  is 
die-pressed  using  poly(vfnyl  alcohol) 
as  a  binder  and  the  binder  and  PMM 
spheres  volatilized  out  by  very  slowly 
heating  the  pressed  pellet  to  400°C. 
After  sintering  at  1300°C  for  0-5 
hours  the  cold  highly  porous  pellets 
an  vacuum  impregnated  with  a 
suitable  polymer:  either  a  flexible 
silicone  rubber  elastomer  or  a  stiff 
epoxy  resin. 

SEM  micrographs  of  the  PZ7- 
rooxy  composite  an  shown  in  Figure 
26  A  ashlar  microttructun  is  obser¬ 
ved  ji  the  PZT /silicone  rubber  comp¬ 


osites.  It  is  clearly  seen  that  the  two 
phases  an  randomly  interconnected. 
The  size  of  the  PZT  phase  regions 
ranges  from  a  few  microns  to  100 
microns,  whereas  the  polymer  regions 
range  from  20  to  120  pan  and  are 
quite  spherical  in  nature.  The  replamine 
miciostruemre  is  somewhat  more  open 
with  polymer  regions  in  the  order  of 
S00  <im  in  diameter  interspersed  with 
PZT  regions  of  about  200  Mm  diameter. 
Piezoelectric  properties  an  similar  to 
the  replamine  materials.  When  filled 
with  silicone  rubber,  djj  is  about 
200  pOT1  and  g„  about  170  x  1CT3 
VmN-1 .  The  piezoelectric  coefficients 
an  somewhat  lower  with_  in  epoxy 
filling:  Ijs  -  90  pCN*1 ,  g33  90  x 

10*1  VraN"1 .  The  principal  advantage 
of  this  method  is  that  it  is  readily 
adapted  to  mass  production. 

Interconnected  PZT -polymer  com¬ 
posites  have  also  been  nude  by  Nagata 
and  co-workers33 .  Using  an  undisclosed 
powder  preparation  technique,  porous 
Pb  (Zro.iiTleuvX}]  ceramics  wen 
conventionally  sintered  to  a  volume 
fraction  of  48%.  Silicone  rubber  was 
injected  to  fill  the  pore  channels 
giving  3-3  connectivity.  Volume  fract¬ 
ions  an  about  50%  for  the  two  phases, 
and  skeletal  diameters  about  20  ion. 
Poled  specimens  exhibit  I33  coeffici¬ 
ents  of  130  SklO*1  VmN"1 ,  increasing 
the  hydrophone  sensitivity  to  nearly 
four  times  that  of  solid  PZT  ceramics. 

Miyashita,  Takano  and  Toda  (1979) 
have  synthesized  a  more  regular  PZT- 
polymer  composite  resembling  a  ladder 
structure  made  from  thin  strips  of 
PZT.  Specimens  with  porosity  levels 
in  the  40  to  60%  range  have  good 
gj  s  coefficients  of  90  x  KT*  VmN"1 . 


Pig.  16  PZT-vpoxy  oonpodts  fabricated 
by  nrixtnf  orpunc  sphere*  with  the  PZT 
prior  to  shstering  (U|ht  stay  phase  is 
PZT). 

9.  Piezoelectric  Compoaitee  with  2-2 

UNUNUIVIlf 

Piezoelectric  composites  with  multi¬ 
layer  structures  (2-2  connectivity) 
have  been  fabricated  to  give  (i)  en¬ 
hanced  electromechanical  coupling 
under  high  driving  fields,  (ii)  high 


subility  electrical  filters  and  (iii) 
improved  impedance  matching. 

6.1  Tape-cast  Composites 
Tape-casting  provides  a  convenient 
way  of  making  thin  ceramic  layers, 
approximately  250  fan  thick34.  In 
the  tape<asting  process,  a  ceramic 
powder  is  mixed  with  a  liquid  organic 
binder  to  form  a  homogeneous  siuny, 
which  is  then  spread  in  a  thin  contin¬ 
uous  layer  onto  a  mdving  glass  sub¬ 
strate.  The  thickness  and  uniformity 
of  the  sheet  are  controlled  by  a  series 
of  knife  edges  set  parallel  to  the 
surface  of  the  glass  plate  and  a  fixed 
distance  above  it.  After  drying,  the 
organic  binder  hardens  to  give  a 
flexible  plastic  tape  impregnated  with 
ceramic  powder.  The  tape  can  be  cut 
to  size  and  sintered  in  the  normal  way. 
Green  density  and  sintering  character¬ 
istics  can  be  modified  by  a  post 
casting  pressing  operation  so  that 
materials  which  normally  would  sinter 
at  different  rates  can  be  fired  together 
without  problems  arising  from  uneven 
shrinkage.  To  fabricate  multilayer 
composites,  the  component  layers 
are  stacked  alternately  and  pressed 
together  at  about  S0°C  to  obtain  a 
firm  bond  before  firing35 . 

Using  this  technique,  lamellar  heter¬ 
ogeneous  devices  comprised  of  layers 
of  a  commercial  soft  ferroelectric 
(modified  PZT)  and  an  antiferro- 
electric  (modified  PZSnT)  have  been 
produced34.  The  purpose  of  the  anti- 
ferroelectric  layers  is  to  prevent 
de  poling  of  the  soft  ferroelectric  phase 
under  high  electric  fields,  since  the 
antiferroelectric  has  a  large  coercive 
field.  Series  model  calculations  show 
that  a  high  piezoelectric  coefficient 
can  be  obtained  if  a  high  permittivity 
antiferroelectric  phase  is  employed.  By 
selecting  a  temperature  (90°C)  at 
which  the  antiferroelectric  had  maxi¬ 
mum  coercive  field,  it  was  shown  that 
antiferroeiectric-ferroelectric  comp¬ 
osites  were  dielectrically  more  stable 
(harder)  under  high  field  cycling  than 
a  typical  commercially  used  hard  PZT. 

In  another  2-2  connected  compo¬ 
site,  layen  of  lead  magnesium  niobate 
Pb3MgNb30»  alternated  with  layers  of 
0.8PbJMgNbl0*-0.2PbTi0j  have  been 
used  to  form  a  temperature-stable 
resonator  for  electrical  filter  applic¬ 
ations37.  These  two  materials  have 
compensating  positive  and  negative 
temperature  coefficients  of  elastic 
compliance.  As  a  result,  changes  of 
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less  than  60  ppm/°C  in  the  radial 
resonant  frequency  over  a  temper* 
ature  range  between  -10°C  and  80°C 
have  been  obtained. 

In  a  third  application,  multilayered 
composites  of  poled  PZT  incorporating 
platinum  metal  internal  electrodes 
have  been  developed  for  applications 
where  electrical  impedance  matching  is 
important3'.  The  basic  electrode 
configuration  used  in  the  piezoelectric 
devices  is  similar  to  that  employed  in 
multilayer  capacitors.  In  such  a  device 
the  poling  of  alternate  layers  is  of 
opposite  direction  but  the  responses 
are  additive  in  either  a  driven  or 
driver  mode.  Thus,  the  voltage  required 
to  produce  a  given  displacement  is 
found  to  be  greatly  reduced  compared 
to  homogeneous  devices  of  the  same 
PZT  composition,  and  the  measured 
direct  d13  is  increased  by  a  factor 
approximately  equal  to  the  number  of 
internal  electrodes  employed.  Resonant 
properties  are  unaffected  by  the 
presence  of  the  internal  electrodes3*. 

Consequently,  internal  electrodes  can 
be  incorporated  into  piezoelectric 
transformers  in  order  to  increase 
their  step-up  ratio.  Here  the  trans¬ 
former  ratio  is  multiplied  by  the 
number  of  layers  introduced  into  the 
primary  end  of  a  conventional  bar¬ 
shaped  transformer39.  A  second 
advantage  is  that  the  ends  of  the 
internal  electrodes,  which  act  as  the 
low  side  of  the  secondary  circuit 
allow  a  more  uniform  poling  and 
larger  electrode  area,  thereby  increas¬ 
ing  the  current  capacity  and  hence 
the  power  of  the  secondary.  If  DC 
isolation  of  the  primary  and  secondary 
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Fig.  17(a)  Serin  resonant  device  for  bend- 

width  reduction,  composed  of  half-wave¬ 

length  thick  piezoelectric  layers  repeated 
by  electrically-conducting  epoxy. 


Fig.  17(b)  Parallel  resonant  device  for  broad¬ 
band  applications.  Piezoelectric  layers 
(shaded)  are  decoupled  mechanically  by  an 
inactive,  low  Q  polymer. 


is  required,  a  thin  section  of  strip 
electrodes  may  be  included  as  the  low 
side  of  the  secondary  circuit. 


6.2  High  Frequency  Applications 
Piezoelectric  composites  are  not  limited 
to  low  frequency  applications.  A  2-2 
connected  temperature-compensated 
resonator  material  composed  of  lead 
magnesium  niobate  and  lead  dtanate 
has  already  been  described  (Section 
6.1).  Another  high  frequency  applic¬ 
ation  involves  bandwidth  modification 
in  electrical  filters. 

Electrical  circuits  operating  at  high 
frequency  often  require  some  form  of 
frequency  control  to  limit  the  pass 
bawl  of  frequencies.  This  control 
can  take  the  form  of  piezoelectric 
crystal  or  ceramic  component  shaped 
so  that  the  frequency  range  of  interest 
coincides  with  a  resonance  frequency 
of  the  piezoelectric  element.  At 
resonance  the  piezoelectric  filter  has 

minimum  impedence,  several  orders 
of  magnitude  lower  than  its  nonreson¬ 
ant  impedance.  Consequently,  the 
element  readily  passes  signals  at 
frequencies  close  to  its  resonant 
frequency,  the  width  of  the  pass 
band  usually*- being  defined  by  the 
mechanical  Q  of  the  device  as  Q  * 


for  Q  >  10.0.  Here  f  is  thv. 


f 
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center  frequency  and  afjdB  “  the 
(power)  3  decibel  pass  band.  For 
ceramic  piezoelectrics  the  mechanical 
Q  is  typically  in  the  range  of  SO  •  1000. 
giving  3dfi  bandwidths  in  the  range 
0.1  •  2%  of  the  center  frequency.  Using 
composite  devices,  it  is  possible  to 
reduce  or  widen  the  bandwidth  of  a 
piezoelectric  material  by  combining 
several  active  piezoelectric  elements 
mechanically  in  series  or  in  parallel 
respectively. 

A  reduction  in  bandwidth  can  be 
obtained  by  carefully  grinding  several 
piezoelectric  discs  to  the  same  thick¬ 
ness  and  bonding  them  together  in  a 
series  configuration  using  an  electric¬ 
ally  conducting  epoxy  resin,  as  shown 
in  Figure  17(a).  For  the  fundamental 
thickness  mode  of  a  single  disc,  the 
resonant  frequency  is  governed  by  the 
equation: 


fL-i- 


2L  Vps 


where  p  is  the  density  and  s  the  elastic 
compliance.  The  disc  thickness  L  is 
equal  to  half  the  acoustic  wavelength. 
Therefore,  since  the  sign  of  the  stress 
changes  every  half  wavelength,  in  order 
to  resonate  in  phase  the  polarity  of 
adjacent  discs  must  be  reversed. 


3-5  "reauercv  viht  i  = 
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Fig.  16(a)  Increare  in  ampthud*  of  thickness  mod*  resonance  for  rent*,  connected  resonant 
composites  (3  layers  thick). 


Fig.  18(b)  Dvcreajs  in  bandwidth  of  thickness  mod*.  From  Top:  single  layer.  2  layer. 
3  layer  care). 


Acoustic  wave  transmission  occurs 
only  at  frequences  very  dose  to  ft 
and  consequently  the  bandwidth  ts 
reduced.  Using  one  PZT  disc  as  a  driver 
or  “primary”  Figure  17(a),  the  output 
from  the  “secondary”  (Figures  18(a) 
and  18(b))  is  reduced  in  bandwidth  and 
increased  in  amplitude  compared  to  a 
single  disc  of  the  same  material.  The 
increase  in  amplitude  arises  because 
the  device  also  acts  as  a  piezoelectric 
transformer3*. 

A  similar  composite  device,  capable 
of  operation  at  microwave  frequencies, 
has  been  developed30  mmg  g*rmm 
sulfide  as  the  active  piezoelectric 
element.  The  CdS  layers  are  separated 
by  inactive  haif-wavelength-thick  Sms 
of  silicon  monoxide  so  that  polarity 
reversal  Is  unnecessary. 

One  problem  associated  with  series 
multilayer  transducer  designs  is  the 
extremely  accurate  dimensional  toler¬ 
ances  which  must  be  achieved  if  con* 
stiuctive  interference  is  to  be  achiev¬ 
ed31  .  Moreover  in  many  applications, 
the  reduction  in  bandwidth  and  in¬ 
crease  in  amplitude  are  simply  trade¬ 
offs,  and  do  not  result  in  an  overall 
increase  in  conversion  efficiency33. 
Since  narrow  bandwidth  materials  are 
abundant  (Q  >  10°  for  quartz).  It 
seems  likely  that  series-connected 
multilayer  filters  will  find  only  limited 
applications. 

Although  narrow  band  past  filters 
are  readily  available  formost  frequency 
ranges  of  interest,  broadband  filters, 
in  which  bandwidtfas  up  to  50%  of 
the  center  frequency  an  required,  an 
more  difficult  to  produce.  Apart  from 
electrical  fitters,  broadband  devices  an 
being  employed  in  acoustic  imaging, 
especially  for  noninvaave  medical  uses, 
and  nondestructive  flaw  detect¬ 
ion33'*1*.  Ultrasonic  imaging  has  an 
advantage  over  its  optical  counterpart 
of  improved  contrast,  since  it  relies  for 
contrast  on  elastic  discontinuities 
which  an  generally  of  greater  magni¬ 
tude  than  changes  in  refractive  index, 
particularly  in  biological  tissue.  In 
acoustic  imaging  the  piezoelectric 
element  acts  as  both  source  and 
detector  in  a  “pulse-echo"  operat¬ 
ional  mode37’30  .  At  present  the 
image  is  built  up  by  mechanically 
scanning  a  single  transducer  over  the 
area  of  interest,  and  integrating  its 
output  to  form  a  coherent  picture3*. 
Typical  commercial  broadband  trans¬ 
ducers  for  biomedical  applications 
are  shown  in  Figure  19. 


Fig,  19  Oltxwmric  rramducen  for  medical 
dtneoerte  appticatioos  in  echocardiography 
and  ruxUrnenrirtncl  Imaging. 

(Photographs  courtesy  of  XB-Aerotech. 
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Previously,  bandwidth  has  been 
increased3*'40  by:  (i)  electrically 
connecting  narrow  bandwidth  filters 
with  slightly  different  resonance  fie- 
in  parallel,  Qi)  damping 
the  resonance  df  a  low  Q  piezoelectric 
element  in  order  to  spread  the  reson¬ 
ance  petit  over  a  wider  frequency 
range,  or  (ill)  impedance  matching 
piezoelectric  transducers  to  the  load 
with  quarter-wave  acoustic  trans¬ 
formers.  Methods  (i)  and  (iii)  have  the 
disadvantages  of  extreme  complexity, 
and  in  method  (ii)  much  of  the  input 
energy  is  wasted  by  damping. 

Baaed  on  the  equation  for  f^.  it 
is  possible  to  fabricate  a  broad  band¬ 
width  Ht‘*TTr,fTTt»-*l*"«*al  transducer 
from  a  single  piezoelectric  element  by 
forming  the  element  into  a  wedge 
shape  of  varying  thickness  and  driving 
it  at  frequences  corresponding  to 
resonance  of  the  thickness  dimensions. 
In  this  case  the  thickness  mode  reson¬ 
ance  encompasses  a  range  of  frequen¬ 
cies  governed  by  its  maximum  and 
minimum  dimensions.  However,  since 
the  element  is  strongly  mechanically 
coupled  at  all  points,  destructive 
mechanical  interference  occurs  be¬ 
tween  regions  of  different  thickness 
resonating  at  different  frequencies, 
and  low  efficiency  results. 

Connecting  piezoelectric  ceramic 
elements  in  parallel  with  a  mechanically 
lossy  polymer  can  overcome  the  short¬ 
comings  of  the  wedge  configuration. 


and  produce  an  efficient  broadband 
device.  In  this  application  many  piezo¬ 
electric  elements  with  different  dimen¬ 
sions  are  used  to  provide  a  wide  pass 
band,  but  the  elements  are  combined 
into  a  single  array  using  an  inactive, 
low  Q  polymer  which  decouples  the 
elements  mechanically  and  prevents 
interference.  The  device  consists  of 
sheets  of  piezoelectric  material,  e.g. 
PZT,  laminated  with  sheets  of  poly¬ 
mer  so  that  the  active  elements  are 
separated  by  sufficient  polymer  that 
most  of  the  mechanical  coupling 
between  the  elements  is  removed  (see 
Figure  17(b)).  The  slope  of  the  device, 
tan  9,  defines  its  bandwidth  according 
to  the  relationship: 

af.  xtan 9ft ft 
N 

where  of  is  the  bandwidth  in  Hz,  x  is 
the  width  of  the  device,  and  ft  and  ft 
are  the  resonance  frequencies  of 
elements  of  length  Lt  and  Lt ,  respec¬ 
tively,  and  N  is  the  longitudinal  mode 
frequency  constant  of  the  piezoelectric 
material  used.  The  bandwidth  can  be 
increased  by  increasing  9  as  far  as  the 
natural  mechanical  Q  of  the  PZT  will 
allow. 

The  above  concept  has  been  verified 
experimentally  by  substituting  for  the 
2-2  connected  lamellar  composite  a 
composite  of  soft  PZT  ceramic  fibers 
embedded  in  epoxy,  similar  to  chose 
described  in  Section  4.1.  This  material 
has  the  advantage  of  accepting  any 
surface  profile,  thus  providing  a 
greater  versatility  in  applications.  In 
principle,  the  pass  band  of  this  comp¬ 
osite  can  be  tailored  to  provide  a 
frequency  spectrum  of  any  shape. 

Figures  20(a)  and  20(b)  compare 
the  frequency  spectra  from  0  to  1  MHz 
for  30  volume  %  PZT  fibre  composites 
with  their  opposite  faces  inclined  at 


0  FREQUENCY,  MHz 

Ft*.  20(i)  Bandwidth  broadening  in  penile! 
connected  mount  composites,  (a)  Q*2° 


2°  and  10°  respectively.  The  6dB 
bandwidth  has  been  increased  from 
7%  for  a  composite  with  faces 
ground  parallel,  to  11%  for  the  2° 
composite,  and  to  45%  for  the  device 
with  faces  inclined  at  10°. 


0  FREQUENCY,  MHz  1-0 

Fi*.  20(b)  Q-10°. 

Vertical  scale  ■  amplitude 

Horizontal  scale  •  frequency. 

Summary  and  Conclusions 
Composite  piezoelectric  elements  form 
an  interesting  family  of  materials 
which  highlight  the  major  advantages 
composite  structures  afford  in  im¬ 
proving  coupled  properties  in  solids 
for  transduction  applications.  By  care¬ 
ful  consideration  of  the  crystal  sym¬ 
metry,  macrosymmetry,  and  possible 
modes  of  phase  interconnection  (con¬ 
nectivity)  which  can  be  realised  by 
modem  processing  technoln^i's,  it  is 
possible  to  design  new  ct  .'posite 
transducers  with  property  combin¬ 
ations  tailored  for  specific  device 
requirements. 

For  electromechanical  applications 
at  low  frequencies  where  the  acoustic 
signal  has  a  wavelength  X  much  larger 
than  the  scale  of  the  macrostructure, 
it  is  shown  that  ceramic:plastic  comp¬ 
osites  can  be  designed  which  have 
mean  piezoelectric  voltage  coefficients 
gas  and  which  are  orden  of  magni¬ 
tude  larger  than  those  of  the  active 
ceramic  phase.  Such  materials  have 
obvious  application  in  hydrophones 
and  other  listening  devices. 

Composites  in  other  geometries  can 
be  designed  so  as  to  modify  the  poling 
and  depoling  characteristics  of  the 
active  ceramic  PZT  phase,  and  thus  to 
effectively  stiffen  the  electrical  charact¬ 
eristics  against  depoling  under  high 
stresses. 

By  prepoling  ceramic  PZT  fibers 
before  the  composite  is  assembled,  it 
is  possible  to  construct  new  types  of 
polar  solid  with  interpenetrating  polar 
axes  and  property  combinations  which 
would  be  impossible  in  the  single 
phase  solid. 
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For  high  frequency  applications 
where  X  is  comparable  to  the  scale  of 
the  composite  macrostructure,  the  full 
potential  of  composite  structures 
begins  to  become  apparent.  In  such 
systems  impedance,  bandwidth,  and 
radiation  pattern  can  be  controlled 
in  a  sophisticated  manner  which  is 
impossible  in  single  phase  systems. 
For  transducer  arrays  which  could  be 
used  in  focusing  and  scanning  modes, 
the  potential  for  composite  structures 
is  clear. 

We  believe  that  the  composite 
materials  offer  a  new  versatility  in 
property  combinations,  and  it  will  be 
most  interesting  to  observe  how  this  is 
taken  up  and  exploited  in  subsequent 
generations  of  piezoelectric  devices. 
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1.  INTRODUCTION 

In  recant  yean  several  types  of  PZT-polytnar 
composites  have  been  fabricated  to  improve  the 
piezoelectric  properties  of  poled  PZT  (lead  zirco- 
nate  titanate)  ceramics.  Different  types  of  macro* 
symmetry  and  interphase  connectivity  were  uti¬ 
lized  in  the  design  of  the  PZT-poiymer  composites 
listed  in  Table  LM  Here  connectivity  1*3  means 
that  the  PZT  phase  is  sdPconnected  in  one  direc¬ 
tion.  and  the  polymer  phase  is  self-connected  in 
all  three  directions.  In  all  composites,  the  dielec¬ 
tric  constant  Ku  of  solid  PZT  is  lowered  by  the 
introduction  of  a  polymer  phase,  and  in  all  cases 
the  hydrostatic  piezoelectric  charge  coefficient  4 
is  also  enhanced.  The  hydrostatic  piezoelectric 
voltage  coefficient  p  and  the  dug*  product  used  as 
a  figure  of  merit  for  hydrophone  application  are 
therefore  considerably  enhanced  in  all  the  compo¬ 
site  designs. 

Klicker  et  el.*  have  fabricated  1-3  composites  of 
PZT  rods  embedded  in  an  epoxy  matrix.  As 
shown  in  Table  I.  these  composites  have  better 
piezoelectric  properties  than  solid  PZT.  The  hy¬ 
drostatic  coefficients  and  p  are  a  function  of 
the  dimension  of  PZT  rods,  the  spacing  between 
the  PZT  rods,  and  the  thickness  of  the  composite. 
Based  on  the  previous  work  with  PZT-polymer 


t  Also  af!!l—«!  with  the  Depart— at  of  See tries!  Eagu—r* 
mg. 


composites  and  on  simple  series  and  parallel 
models,1  it  is  dear  that  the  difference  in  the  elastic 
compliances  of  the  PZT  and  epoxy  has  a  favor¬ 
able  influence  on  piezoelectric  properties  by  alter¬ 
ing  the  stress  pattern  inside  the  composites. 

Rittsnmyer  et  al?  have  fabricated  3-3  compo¬ 
sites  of  PZT  and  polymer  (polymethyl  methacry¬ 
late)  with  PZT  powder  in  an  organic  binder  and 
firing  the  mixture  to  give  a  ceramic  skeleton. 
After  cooling,  the  ceramic  skeletons  were  back¬ 
filled  with  polymer  (Burps  composites).  As  shown 
in  Table  I.  these  composites  have  better  piezoelec¬ 
tric  and  mechanical  properties  compared  to  1-3 
composites  of  PZT  rods  with  epoxy.  In  addition, 
the  Burps  composites  are  much  easier  to  prepare. 

The  present  study  focuses  on  composites  with 
3-1  and  3-2  connectivity  patterns,  in  which  the 
PZT  phase  is  self-connected  in  three  dimensions 
and  the  polymer  phase  is  self-connected  in  either 
one  or  two  dimensions.  Samples  were  prepared  by 
drilling  holes  in  sintered  PZT  blocks  either  in  one 
direction  (3-1  connectivity)  or  in  two  directions 
(3-2  connectivity)  and  backfilling  the  perforated 
PZT  blocks  with  a  suitable  polymer.  Enhance¬ 
ment  of  dt,  was  anticipated  in  these  composites  be¬ 
cause  of  the  modified  stress  distribution  within 
the  composite. 

1  SAMPLE  PREPARATION 

PZT-poiymer  composites  were  prepared  by  drill¬ 
ing  holes  in  sintered  PZT  blocks  and  filling  the 
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TABLE  I 


HoadiBric  Prepaid*  of  PZT-Polymer  Compost* 


Xu 

i(POT') 

b  (1  flT‘  VmN*') 

4*  (MT*  m:N*') 

Reference 

PZT 

1600 

30 

4 

200 

PraMiM  stork 

PZT  pattid*  is  nitrone  rubber 
mania  (0*3  connectivity) 

too 

2U 

32 

900 

4 

PZT  repiamme  in  a  riKrons  rubber 

30 

35J 

10 

2KO 

2 

PZT  rods  in  as  epoxy  matrix 
(1-3  connectivity) 

200 

77.6 

40.4 

3131 

3 

PZT  rode  is  a  polyurethane  matrix 
(1-3  connectivity) 

13 

17«_2 

239 

42100 

3 

Burps  compost*  (epoxy  matrix) 

(3*3  connectivity) 

300 

120 

27 

3200 

3 

tape  co*porite  (riBcona  rubber 
matrix  (3*3  coanecavny) 

300 

260 

too 

26000 

3 

perforated  block  with  a  polymer.  To  prepara  the 
ceramic,  95  wt%  of  PZT  50LAf  was  mixed  with  5 
wt%  of  15%  PVA  solution.  After  mixing  and  dry¬ 
ing  the  powder,  square  pellets  measuring  2  cm  on 
edge  and  4  to  8  mm  thick,  were  pressed  at  20,000 
pei  (140  MPa).  The  pellets  were  placed  on  a  plati¬ 
num  sheet  and  the  binder  was  burned  out  at  550*C 
for  one  hour.  Sintering  was  carried  out  in  a  sealed 
alumina  crucible  using  a  silicon  carbide  resistance 
furnace  at  a  heating  rate  of  2Q0*C  per  hour,  with 
a  soak  period  of  one  hour  at  1285*C.  A  PbO-rich 
atmosphere  was  maintained  with  sacrificial  ce¬ 
ramic  pellets  of  composition  97  moie%  PZT  and  3 
moie%  PbO  inside  the  crucible.’  After  firing,  the 
samples  were  polished  and  cut  into  smaller  pieces 
of  various  dimensions.  Air-dried  silver  pasts  elec¬ 
trodes  t  were  applied  to  the  pellets.  Poling  was 
done  in  a  stirred  oil  bath  at  140*C  at  a  field  of  25 
KV/ctn  for  three  minutes.  After  poling,  three  or 
four  holes  were  drilled  perpendicular  to  the  poling 
direction  using  an  ultrasonic  cutter,  j  Samples 
were  prepared  with  different  hole  sizes  and  hole 
separation  X  (Figure  8a).  The  drilled  samples  were 
then  placed  in  a  small  plastic  tube  and  a  commer¬ 
cial  polymer  (vinyteydohexeae  dioxide-epoxy  ||) 
was  poured  into  the  tube.  The  epoxy  was  cured 


t  Ultrasonic  Powders.  Inc.  Sows  PtamMd.  NJ  (PZT  301A). 
{Materials  for  Electronics.  lac,  Jamaica.  NY,  Demstron 
200. 

f  Sheffield  Ultraaowc  Machine  Toot,  Dayton  OH. 

11  Spurn  tow  vuconty  embedding  medic  No.  3133.  Poly- 
wisir*  lac,  Warrington.  PA.  11976. 


at  TVC  for  eight  hours.  Finally,  the  composites 
were  polished  on  silicon  carbide  paper  to  expose 
the  PZT  and  to  ensure  that  the  faces  of  the  disk 
were  smooth  and  parallel.  Electrodes  of  air-dried 
silver  paste  were  applied  and  the  composites  were 
aged  for  at  least  24  hours  prior  to  any  measure¬ 
ment.  Some  of  the  3-1  and  3-2  composites  are 
shown  in  Figure  1. 


3.  MEASUREMENTS 

The  dielectric  constants  and  loss  factors  of  all  the 
samples  were  measured  at  a  frequency  of  1  KHz 
using  an  automated  capacitance  bridge.  J  The  pie¬ 
zoelectric  coefficient  3m  along  the  poling  direction 
was  measured  using  a  dn  meter,  ft  The  hydro¬ 
static  piezoelectric  a*  was  measured  by  a  pseudo- 
static  method.1  Samples  were  immersed  in  an  oil- 
filled  cylinder,  and  pressure  was  applied  at  a  rate 
of  3.5  MPa/sec  The  resulting  charge  was  co/- 
lected  with  a  Krithley  electrometer^  operated  iu 
a  feedback  charge  integration  mode.  The  piezo¬ 
electric  voltage  coefficients  jji  m  d»/aa£»  and 
ft  ■  <U/*Kn  .were  calculated  from  the  measured 
values  of  d»,  d*  and  K». 


1  Hewlett  Pickard  (Model  4 270 A)  Automated  Capacitance 
Bridge.  Hewlett  Packard.  1-39*1  Yoyop,  Tokyo.  Japan  131. 

ttBertincoun  (Model  333)  dn  meter.  Channel  Product. 
Inc.,  16722  Park  Orde  Drive.  Chagrin  Falla.  OH.  440201 
Zt  Krithley  (Model  616)  Digital  Electrometer.  Krithley  In¬ 
struments,  foe..  Cleveland.  OH. 
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FIGURE  I. 


4 

,  4.  RESULTS  AND  DISCUSSION 

Unless  otherwise  stated,  the  results  refer  to  com¬ 
posites  with  3-1  connectivity.  The  dielectric  con¬ 
stants  for  3-1  composites  are  plotted  in  Figures  2 
and  3  as  a  function  of  X  (the  center-to-center  dis¬ 
tance  for  adjacent  holes)  for  two  different  hole 
|  sizes.  The  dielectric  constant  increases  linearly 

with  X  at  lower  values  of  X,  but  reaches  a  satura¬ 
tion  value  for  higher  values.  Composites  with 
smaller  thicknesses  have  lower  dielectric  con¬ 
stants.  Also,  it  is  observed  that  for  the  same  D/t 
(diameter  to  thickness  ratio),  composites  with 
„  smaller  diameter  holes  have  higher  dielectric  con¬ 

stants  than  composites  with  larger  holes  (see  Fig¬ 
ures  2  and  3).  Dielectric  constants  of  3-2  compo¬ 
sites  were  much  lower  than  the  3-1  composites  for 
samples  with  identical  hole  sizes  (Table  II).  Calcu¬ 
lated  values  of  dielectric  constants  are  also  plotted 
„  in  Figures  2  and  J  for  comparison. 

The  values  of  were  used  as  a  measure  of  the 
f  degree  of  poling.  Measured  values  of  d»  for  3-1 

composites  are  .plotted  as  a  function  of  X  in  Fig¬ 
ure  4.  It  is  observed  that  d»  increases  linearly  with 
X  at  lower  values  of  X,  but  approaches  a  satura¬ 
tion  value  at  higher  values  of  X.  Each  of  the  data 
points  represents  the  average  of  at  least  twelve 


value  measurements  at  different  places  on  the 
electroded  surface  of  the  composites.  The  meas¬ 
ured  values  of  in  the  regions  over  the  holes 
were  about  10%  lower  than  the  dn  values  in  solid 
regions  (Figure  8a).  It  is  significant  that  the  val¬ 
ues  for  most  of  the  composites  exceed  300  pC/N, 
which  is  close  to  the  dn  coefficients  of  solid  PZT 
(400  pC/N).  It  is  found  that  in  all  composites  in 
decreases  slightly  with  thickness.  Also,  composites 
with  smaller  hole  sizes  had  larger  dn  coefficients 
than  composites  with  largerjiole  sizes.  In  all  3-2 
composites  the  measured  values  were  also 
higher  than  300  pC/N  (Table  I). 

In  Figure  5  the  hydrostatic  piezoelectric  coeffi¬ 
cient  (  ,)  of  3-1  composites  is  plotted  as  a  func¬ 
tion  of  X  for  different  thicknesses.  A  broad  max¬ 
imum  is  observed  for  X  values  between  4  and 
4.3  mm  for  composites  containing  60%  to  70% 
PZT  by  volume.  Figure  6  shows  d*  plotted  as  a 
function  of  thickness  for  composites  with  different 
X.  Again  it  is  found  that  <2»  increases  with  thick¬ 
ness,  up  to  certain  thickness,  and  then  decreases. 
Figure. 7  shows  the  effect  of  poling  on  the  values 
of  a*,  when  poling  is  carried  out  at  several  differ¬ 
ent  stages  in  the  process: 

1.  Poling  PZT  block  before  drilling  the  holes. 
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TAJLE  II 


Mote  Slat 

i 

i  X 

Xu 

dn 

(POT*) 

Ju 

do"*  v«ir*) 

A 

(PCjr*) 

b 

(icr*  v«n*‘) 

dor**  m*>t*) 

Pcxfocuad  PZT/tpoxy 
(3-1  -naaiTvrnr) 

12 

u 

423 

tio 

340 

47 

210 

29 

4000 

Mn 

(3-1  c 

mi  PZT/opoxy 

12 

6 

423 

710 

330 

32  • 

230 

34 

7100 

Mbtai 

(3-1* 

tad  PZT/apasy 

12 

JJ 

423 

7aa 

330 

30 

200 

30 

4000 

Man 

(3-1  c 

mi  FTT/cpexy 

12 

4J 

423 

m 

320 

33 

J90 

31 

3900 

Hrtom 
(3-1  c 

tad  PZT/tpoxy 

<2 

U 

473 

470 

m 

70 

190 

40 

M00 

Morn 

(3*1  c 

mi  PZT/opaxy 

<2 

U 

473 

430 

m 

73 

222 

30 

12300 

Hrtom 

(3-1  c 

mi  rtT/ogaacf 

<2 

6 

473 

423 

m 

74 

170 

43 

7400 

(3-1  a 

mi  PZT/tpaxy 

<2 

SJ 

*  473 

410 

273 

74 

120 

33 

3990 

Hrtom 

02* 

■d  PZT/tpoxy 
■naairrrify) 

12 

47 

43 

340 

2M 

90 

23S 

74 

17400 

02* 

■d  PZT/apasy 

12 

43 

43 

330 

290 

99 

294 

100 

mm 

Hrtom 

02* 

lad  PZT/tpoxy 

12 

4 

43 

320 

300 

103 

322 

113 

34300 

Hrtom 
02  * 

mi  PZT/apoay 
■naaicrmry) 

12 

34 

43 

290 

29$ 

114 

329 

129 

42000 

02* 

■d  koto.  PZT 

1  mmk  potymor 
naotermry) 

12 

.  42 

43 

340 

340 

112 

372 

123 

43700 

2.  Poling  the  perforated  PZT  before  {Sling  it 
with  epoxy. 

3.  Poling  after  embedding  the  perforated  PZT 
Mode  with  epoxy. 

From  these  it  wax  cooduded  ’****  to 

get  higher  values  of  4  it  is  necessary  to  prepole 
the  PZT  Mocks  before  drilling. 

It  .should  be  emphasized  that  for  all  composites. 
the  dk  coefficients  are  at  least  twice  that  of  solid 
PZT  (30  pC/ N).  Hydrostatic  coefficients  for  the 
3*2  composites  are  much  larger  than  thoee  of  3-1 
composites.  An  even  higher  value  of  4  was  ob¬ 
served  when  measurements  were  made  on  perfo¬ 
rated  Mocks  of  PZT  in  which  the  open  sides  were 
endowed  with  a  thin  polymer  sheet,  thereby  keep¬ 
ing  the  inside  region  completely  empty.  When 
measured  in  this  way  a  4  value  of  nine  tunes 
greater  than  that  of  solid  PZT  waa  observed 
(Table  II).  _  _ 

Some  typical  values  of  Xu.  4s,  and  4  ***  pro 
in  Table  IL  It  is  important  to  note  that  4  depends 
markedly  on  the  thicknre  of  the  PZT  region 
above  and  below  the  holes  (see  Figure  Sa).  There 


is  a  critical  tiweinm*  for  which  2t  becomes  a  max¬ 
imum  (Table  II). 

Piezoelectric  voltage  coefficients  fj»  and  p  are 
also  substantially  larger  than  those  of  solid  PZT. 
As  shown  in  Table  IL  the  piezoelectric  voltage 
coefficients  /«  and  the  hydrostatic  voltage  coeffi¬ 
cients  gt  are  very  large  for  3-2  composites.  The 
4fs  produo  used  as  a  figure  of  merit  for  hydro¬ 
static  applications  is  more  200  times  the  cor¬ 
responding  value  for  solid  PZT. 


5.  THEORETICAL  MODEL 

The  physical  properties  of  3-1  composites  can  be 
approximated  with  the  modal  illustrated  in  Fig¬ 
ure  S.  For  simplicity,  consider  a  square  of  length  / 
whose  area  is  eguai  to  that  of  a  circle  with  radius 
r.  The*  /  » 

W«  can  visualize  the  3-1  composite  as  made  up 
of  two  parts  A  and  B  connected  in  parallel  as 
shown  in  Figure  8b.  Pan  B  is  composed  of  two 
phases  connected  in  series.  PZT  and  polymer.  The 
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HOLE  SIZE  2.4  m  (0/t  •  0.6) 
HOLE  SIZE  3.2  m  (0/t  •  0.7) 


HOLE  SIZE  4.2  m  (0/t  •  0.7) 


3  4  5 

x0») 

FIGURE  4. 


HOLE  SIZE  3.2  m 


4  5 

X  (run) 

FIGURE  J. 


6 

TH1CXNE5S  (m) 
FIGURE  6. 

THICKNESS  4.5  m 
HOLE  SIZE  3.2  m 

A  POLED  ACCORDING  TO  STEP  1 
■  POLED  ACCORDING  TO  STEP  2 
•  POLED  ACCORDING  TO  STEP  3 
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following  quantities  can  be  defined  with  respect  to 
the  dimensions  of  the  composites. 

AV  (volume  fraction  of  PZT  of  port  A) »  (Ii  — 
nlVLi 

*V  (volume  fraction  of  pan  B)  *  *VI( 

'*V  (volume  fraction  of  PZT  in  pan  B)  »  (Lt  - 

0/1. 

aV  (volume  fraaion  of  polymer  in  pan  B)  * 
VI, 

where  Ii  and  I,  are  length  and  thickness  of  com* 
posits  and  a  is  the  number  of  holes. 

5.1  Dttitarie  Constant 

The  component  of  the  dielectric  constant  of  inter* 
est  is  Xn*  since  the  electrode  surfaces  are  perpendicu¬ 
lar  tojhe  poling  direction.  In  the  notation  used 
here.  £»  is  the  dielectric  constant  of  the  compo¬ 
site.  AKn  the  dielectric  constant  of  PZT,  uXn  that ' 


of  the  polymer,  and  'in  is  the  dielectric  constai 
of  pan  B.  Since  pan  A  and  pan  B  are  in  parail 
connection. 

“  « 

Kn  »  AVAXu  +  'V'Xn 

Because  PZT  and  polymer  in  pan  B  are  in  sene 
connection  we  can  apply  scrim  model:  t 

u§x»  » ltv/Ax»  + 

Using  these  relations  we  can  calculate  K»  of  com 
posites.  Since  AKn  »  1600  and  *  5,  most  o 
the  contribution  to  comes  from  pan  A,  whicl 
is  PZT.  Calculated  values  are  plotted  in  Figures  .  P 
and  3.  In  general,  the  measured  dielectric  con 
stants  are  somewhat  higher  than  the  predict et 
values.  This  may  be  due  to  the  approximation: 
involved  in  the  above  calculations.  The  contribu¬ 
tion  to  the  dielectric  constant  from  pan  B  may  b< 
much  higher  than  that  assumed  above  because  oi  i 
the  beading  of  the  flux  lines  around  the  holes  con¬ 
taining  the  polymer. 
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5.2  Piezoelectric  Coefficients 

The  longitudinal  coefficient  relates  the  polari¬ 
zation  component  P>  to  stress  component  01  by 
the  following  relation:  Pi  »  5„<y As  stated  ear¬ 
lier,  the  dn  values  of  3-1  composites  are  slightly 
smaller  than  that  of  solid  PZT.  In  a  composite 
most  of  the  stresses  are  borne  by  the  ceramic,  and 
if  the  stress  transfer  to  the  venicai_columns  (sec¬ 
tion  A,  Figure  8b)  is  complete,  the  dn  of  the  com¬ 
posite  should  be  equal  to  the  value  of  dn  for  PZT. 
But  because  of  the  curved  shapes  around  the  per¬ 
forations,  the  stress  distribution  in  the  composite 
is  not  as  simple  as  the  model  predicts.  Horizontal 
components  of  stress  are  produced  which  lower 
the  dn  coefficient. 

The  hydrostatic  coefficient  of  the  composite  is 
given  by  the  relation  d*  »  dn  +  2 dn.  In  a  solid 
PZT  ceramic,  the  value  of  is  low  due  to  the  fact 
that  dn  m  ~2dn .  In  the  3-1  composites  the  arc¬ 
like  geometry  of  the  composite  results  in  mechan¬ 
ically  stiffened  electrodes  which  transfer  the  hori¬ 
zontal  stress  pattern,  significantly  lowering  dn, 
and  enhancing  <&.  The  fact  that  in  some  of  the  3-1 
and  3-2  composites  4  »  dn  clearly  indicates  that 
dn  is  almost  zero  in  some  cases. 


SUMMARY 

A  simple  technique  for  fabricating  PZT  polymer 
composites  with  3-1  and  3-2  connectivity  patterns 
has  been  proposed.  These  composites  exhibit  bet¬ 
ter  piezoelectric  properties  than  the  previously 


studied  PZT  polymer  composites  with  different 
types  of  connectivity  patterns.  For  3-2  composites 
thesis,  2b,  gk.  and  d*gk  values  are  300,  370  X  10'11 
C/N.  123  X  10‘J  Vm/N  and  45,000  X  10~15  m2/N 
respectively. 
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LANDAU- DEVONSHIRE  THEORY  WITH  R0TATI0NALLY  INVARIANT  EXPANSION  COEFFICIENTS* 


G.R.  BARSCH,  B.N.N.  ACHAR*  AND  L.E.  CROSS 

The  Pennsylvania  State  University,  University  Park,  PA  16802,  U.S.A. 


Abstract — General  expressions  pertaining  to  a  centrosvmmetric  prototype  phase  are 
given  for  the  correction  terms  to  the  third  and  fourth  order  expansion  coefficients 
of  the  Landau-Devonshire  free  energy  with  respect  to  the  displacement  gradient 
and  the  polarization,  that  arise  as  a  consequence  of  the  rotational  invariance 
condition.  Application  to  crystals  of  Oj,  symmetry  shows  that  the  correction  terms 
may  be  numerically  significant. 


T0U PIN'S  THEOREM 

In  the  electrostatic  approximation  (i.e.  without  retardation  of  the  electromagnetic 
field  and  in  the  absence  of  a  magnetic  field)  the  internal  energy  U  (per  unit  mass)  of 
a  homogeneous  infinite  elastic  dielectric  medium  isentropically  subjected  to  a  finite 
elastic  deformation  and  a  finite  electric  field  (for  isothermal  conditions:  the 
Helmholtz  free  energy  F)  is  a  function  of  the  deformation  gradient  (3x/3a)  »  {Px^/Saj} 
and  the  polarization  vector_P  -  {Pr }  (electric  dipole  moment  per  unit  volume  in  the  J 
deformed  state),  U  -  U(3x/3a,P).  Here  X£  and  aj  (i,j  -  1,2,3)  denote  the  coordinates 
of  a  material  point  in  the  deformed  state  and  in  the  undeformed  and  unpolarized 
reference  state,  respectively,  referred  to  a  common  stationary  cartesian  frame.  The 
rotational  invariance  condition  requires  that1  U(&(S x/3 a) ,&P)  -  U(3x/3a,P)  for  all 
rotation  matrices  R  ■  (Rij).  As  a  consequence,  the  internal  energy  may  be  expressed 
in  terms  of  the  symmetric  Lagrangian  strain  tensor  (LST)  rf  -  (nij }  defined  by  (tensor 
notation;  summation  convention!) 

nij  "  |[Oxk/3ai)(3xk/3aj)  -  5^]  (1) 

and  in  terms  of  Toupin's  material  measure  of  polarization  (MMP)  H  -  {II ^ }  defined  by 

*  J(3ai/3xr)Pr  (2) 

where 

J  -  (cq/o)  *  det (Sx^/Sa^)  (3) 

denotes  the  Jacobian  of  the  deformation,  and  o  (d0)  the  density  in  the  deformed  (unde¬ 
formed)  state,  respectively1.  The  resulting  internal  energy  function  U(%,n)  is  then 
automatically  invariant  under  rigid  rotations1  (Toupin's  Theorem). 

An  alternative  formulation  of  the  theory  of  the  nonlinear  elastic  dielectric  was 
given  by  Grindlay2  in  terms  of  the  dielectric  displacement  instead  of  the  polarization 
and  has  been  shown  to  be  equivalent  to  Toupin's  theory^.  Following  Toupin,  we  prefer 

‘•Work  supported  by  0NR  Contract  No.  N0001<i-78-C-0291. 

-Also  affiliated  with  Bucknell  University,  Lewisburg,  PA  17832,  USA. 
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co  use  che  polar izac ion,  because  in  che  Landau-Devonshire  cheory  ic  concains  che 
order  paramecer. 

LANDAU-DEVONSHIRE  FREE  ENERGY 


As  a  consequence  of  Toupin's  Theorem  che  Taylor  expansion  of  che  Landau-Devonshire 
(LD)  energy  funccion  wich  respect  co  elascic  and  electric  variables  must  be  expressed 
in  terms  of  che  LST  and  che  MMP,  or  cheir  proper  thermodynamic  conjugate  variables,  if 
che  expansion  coefficients  are  to  have  che  symmetry  of  indices  familiar  from  che  linear 
cheory  of  elascicicy  and  piezoelectricity.  The  Taylor  expansion  of  che  LD  free  energy 
density  per  unit  initial  volume  p0F(n,ii)  pertaining  to  a  centrosymmecric  prototype  phase 
has  the  form 


o0F(n,5) 


—c...  ,  +  -rb  n  H  +  Ic..,  ,  rv.n,  ,n  -  !T  It  n 

2  ijkl  ij  kl  2  rs  r  s  6  ijklmn  ij  kl  mn  2  rs,mn  r  s  mn 


24 


c., ,  n..n,  ,  n  n  -  -rh  H  n  n  n 

jklmnpq  ij  kl  mn  pq  4  rs.mnpq  r  s  mn  pq 


+  —  b  nn 

24  rstu  r  s  t  u 


(A) 


The  coefficients  cijkl---  are  the  isothermal  second,  third  and  fourth  order  elascic 
constants  according  to  the  definition  of  Brugger^,  che  hrs  mn* • •  are  che  first  and  sec- 
cond  order  eleccrostriction  coefficients,  and  the  brs...  are  che  second  and  fourth  order 
reciprocal  dielectric  susceptibilities.  All  coefficients  pertain  to  the  reference  state 
of  the  medium,  assumed  to  be  stress  free.  The  choice  of  the  kernel  letters  and  of  the 
signs  for  the  expansion  coefficients  follows  che  IEEE  convention^  for  the  linear  theory 
of  piezoelectricity  and  extends  it  to  the  nonlinear  elastic  dielectric,  except  that  the 
coefficients  are  referred  to  the  MMP. 

The  coefficients  are  invariant  under  exchange  of  indices  of  the  following  kind: 


I. 


II. 


III. 


Ci1kl‘ ' '  Index  Paira>  «-g-  cijklmn  *  cklijmn;  (b)  Indices  within  a  given 

pair,  e.g.  cijkinn  -  cj iklnn . 

hrs  mn"*  ^  Indi<-ea  preceding  che  comma  (pertaining  to  che  MMP),  e.g.  hr3>mn 
■  hsr>nin;  (b)  Index  pairs  following  the  comma  (pertaining  to  che  LST), 
e-g-  hrs.mnpq  ■  hrs,pqmnf  (c)  Indices  within  a  given  pair  following  che 
comma  (pertaining  co  the  LST),  e.g.  hrs,mnpq  ■  hrs,nmpq- 


rs 


Any  two  indices,  e.g.  b 


rstu 


srtu 


tsru 


Alternatively,  che  LD  free  energy  density  may  be  expressed  as  a  funccion  of  the 
displacement  gradient  (DG)  v^j  ■  ((3xi/3aj)  -  5 ij J  and  the  polarization  P  with  the 
Taylor  expansion: 


ooF(v,P)  - 


2%:ijklVijVkl  +  ^rs?rPs  +  6^ijklmnVijVKlvmn  2^rs  ,mnPrPsvmn 
I  -  .  ^  ~  ~  1  P  P  P  P  +  .. 


+  T7  C...  ,  V  V  ,VV  -76  PPvv  +  yj-b  _  P  P  P  P 

24  ijklmnpq  ij  kl  mn  pq  4  rs,mnpq  r  s  mn  pq  24  rstu  r  s  t  u 


(5) 


The  coefficients  cijkl--.,  hrs>mn...  and  brs...  represent  an  alternative  sec  of  second 
through  fourth  order  elastic  constants,  first  and  second  order  electrostriccion  con¬ 
stants,  and  second  and  fourth  order  reciprocal  dielectric  susceptibilities,  respect¬ 
ively.  Since  che  DG  is  not  symmetric  (v^j  i  vji)  che  coefficients  c^kl---  and 
nrs.-nn*..  are  not  invariant  under  exchange  of  indices  within  a  given  pair  pertaining  to 
che  DG.  That  is,  the  Cijkl-.-  only  have  the  symmetry  property  1(a)  but  not  1(b),  and 
che  hrs.mn  only  have  the  symmetry  properties  11(a)  and  11(b),  but  not_II(c).  However, 
che  brs--*  and  che  brs...  have  the  same  symmetry  III,  so  one  expects  brs---  *  brs.... 
The  free  energy  funccion  c0F(v,P)  is  constrained  by  che  rotational  invariance  condition, 
from  which,  following  Leibfried  and  Ludwig^,  it  may  be  deduced  that  certain  linear  com¬ 
binations  of  the  coefficients  c^ki**-*  hrs,nn---»  ecc.  obtained  by  index  permutation 
must  have  che  additional  symmetries  1(b)  and  11(c),  and  chat  these  conditions  are 
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equivalent  to  Equs.  (6a,b,c)  to  (8a, b)  given  below. 

DELATION  BETWEEN  EXPANSION  COEFFICIENTS  OF  cQF(?rt*)  AND  o0F{'v,P) 

The  relations  between  the  coefficients  Cijki...,  etc.  and  the  cm^]....,  etc.  are 
obtained  by  expanding  r  and  I  in  Equ.  (4)  with  respect  to  v  and  ?,  and  equating  equal 
oowers  of  Pr  and  vj^  in  Equs.  (4)  and  (5).  The  result  is: 


Cijkl 

Q 

ijklmnpq 

h 

rs.mn 

h 

rs.mnpq 


b 


rs 


■ilkl 


(6a) 


cijklmr.  °ijklmn  cijln°km  °kljn  im  cmnlj  ik 

Ci  j  klmnpq+Ci  j  klnq  ^mp+C  i  jmnlq  ^kp+C  i  j  pq  ln^km+Cklmnj  q  5  ip^klpq  j  n5  im 

+  c  ,,6,.+c  ,  6.,  6  +c.  ,5.  5,  +c.  .  <5.  5, 

mnpqjl  ik  jlnq  ik  mp  jnql  im  kp  jqln  ip  km 

h  +  b  5  +  b  5  -2b  6 

rs,mn  rm  sn  sm  rn  rs  mn 

h  +2(h  5  +h  5  )+h  6  -(h  6  +h  6  ) 

rs.mnpq  rs.mn  pq  rs.pq  mn  rs.nq  mp  rm.pq  sn  sm.pq  rn 

-  (h  6  +h  5  )+2b  (6  6  -26  6  )+2(b  6  +b  6  )6_ 

rp.mn  sq  sp.mn  rq  rs  mq  np  mn  pq  rp  sq  sp  rq  mn 

+  2(b  6  +b  6  )  6  -b  (6  6  +6  6  )-(b  5  +b  6  )6 

rm  sn  sm  rn  pq  mp  rn  sq  rq  sn  rm  sq  sm  rq  np 

-  (b  5  +b  6  )  6 

rp  sn  sp  m  mq 


brs  (8a) 


b  -  b  (8b) 

rs tu  rstu 


(6b) 

(6c) 

(7a) 


(7b) 


Table  I:  Correction  terms  to  third  order  elastic3 
and  first  order  electrostriction  constants  for  Oh 
symmetry  and  their  relative  magnitude  for  SrTi03 
and  NaCl  at  300K,  calculated  from  experimental 
data  of  Refs.  7  to  10. 


ijklmn 

^cijklmn 

ACijklmn/Cijkimn 

SrTiO's  NaCl 

11  11  11 

3Cm  i 

-2.00  -0.18 

ill  11  22 

C>i» 

-0.13  -0.25  1 

11  22  33 

0 

0  0 

11  12  12 

Cl  U2+2Ci?i? 

-1.16  -0.64 

111  21  12 

c1212 

-0.41  -0.21 

111  21  21 

Cm  n 

-1.10  -0.82 

ill  23  23;  11  32  32 

C1 122 

-0.12  0.44 

11  32  23 

0 

0  0 

112  23  31;  21  32  13 

0 

0  0 

12  23  13;  12  32  13 

Cl  21  2 

1.38  0.49 

irs ,  mn 

Ahrs ,mn 

Ahrs ,mn/hrs ,mn 

SrTiO*  NaCl  1 

'll,  11 

0 

0  0 

11,  22 

-2b 

0.27  -0.31 

112 .  12;  12,  21 

b 

-0.26  1 

Second  order  elastic  constants  are  given  in 
tensor  notation. 


DISCUSSION  AND  CONCLUSIONS 


Equ.  (6b)  has  been  giver,  before  by 
Leib fried  and  Ludwig6.  For  the 
higher  order  elastic  and  electro¬ 
striction  constants  c-f  jirimn. . .  and 
hrs.mn***  the  loss  of  symmetries  lb 
and  lie  arises  from  correction  terms 
of  lower  order  and  in  general  leads 
to  an  increase  in  the  number  of  in¬ 
dependent  coefficients. 

In  Table  I  the  correction  terms 
for  the  third  order  elastic  con¬ 
stants  and  for  the  first  order 
electrostriction  constants  are 
listed  for  the  cubic  point  group  Oh. 
together  with  their  numerical  values 
for  SrTiOj  and  NaCl.  The  correction 
terms  increase  the  number  of  third 
order  elastic  constants,  but  not  the 
number  of  electrostriction  constants . 
The  magnitude  of  the  correction  is 
in  general  quite  substantial.  How¬ 
ever,  because  of  the  Curie-Weiss  Law 
for  ferroelectric  materials  the 
correction  to  the  electrostriction 
coefficients  should  according  to 
Equs.  (7a, b)  vanish  at  the  Curie 
temperature. 


As  shown  elsewhere1!  it  is  possible  to  construct  the  usual  thermodvnamic  potentials 
and  the  corresponding  LD  energy  functions  either  with  ?f  and  H,  and  their  conjugate 
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intensive  variables  tij  ■  j0OF/3nij)T,n  and  ■  0o(3F/3iIr)x  or  with  and  ?,  and 
cheir  conjugate  intensive  variables  *  20(3?/3v£j)T  ^ and  £r  *  o0 (3F/3Pr)T>^.  It 
should  be  noted,  however,  that  the  Cauchy  stress  tensor  'i  *  {?ij;  (force  per  unit  area 
in  the  deformed  state)  is  not  the  conjugate  variable  for  any  of  the  thermodynamic  potent¬ 
ials  so  introduced,  but  is  related  to  the  Piola-Kirchhoif  stress  tensor  i  *  {tvj}  (force 
per  unit  area  in  the  reference  state)  byl  atj  *  (1/J) (3xi/3a^)Tjjt  where  the  Piola- 
Kirchhoff  stress  tensor  is  related  to  the  thermodynamic  tensions  tfcl  by^  * 
(3xj/3atl)tfcn-  electric  field  Er  is  related  to  the  conjugate  variable  ra  according 

to  Er  *  (3ar/3xa)fa.  Whereas  the  expansion  coefficients  of  the  thermodynamic  potentials 
with  respect  to  the  thermodynamic  tensions  t^j  have  the  full  symmetry  I(a,b),  II(a,b,c) 
and  III  as  listed  above,  the  higher  chan  second  order  expansion  coefficients  with 
respect  to  the  asymmetric  Piola-Kirchhoff  stress  tensor  have  the  same  reduced  symmetry 
as  the  Cijjti...,  etc. 

The  choice  of  variables  is  a  matter  of  convenience  as  suggested  by  the  experimental 
situation.  However,  whenever  the  "physical"  variables  'V.E  (or  v,P)  rather  than  the 
"thermodynamic"  variables  ¥,?  (or  n ,5)  are  used,  the  number  of  independent  higher  order 
elastic  and  electrostrlction  coefficients  is  increased,  and  the  experimental  data  cannot 
be  fitted  to  the  coefficients  pertaining  to  the  thermodynamic  variables,  which  possess 
the  full  symmecry  I(a,b,c)  to  III  listed  above. 

Furthermore,  in  spite  of  its  widespread  use,  the  linearized  strain  censor  cjj  * 
(1/2)  (vij-fvji)  in  general  is  not  an  appropriate  strain  variable  in  a  L D  free  energy 
function,  and  its  use  amounts  to  replacing  the  correction  terms  in  Equs.  (6b, c)  and  (7b, 
c)  and  in  Table  I  by  cheir  average  values. 

The  symmetry-reducing  correction  terms  may  be  expected  to  be  especially  significant 
where  the  dependence  of  the  ferroelectric  or  ferroelastic  transition  on  stress  or  strain 
is  involved.  However,  for  zero  stress  or  strain  according  to  Equ.  (2)  the  MMP  3  reduces 
to  the  polarization  P,  and  the  familiar  results  of  the  L D  theory  are  recovered. 
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Sussnary 

A  cepacltanca  type  dllncoosccr  has  bean  con¬ 
structed  vhlch  is  capable  of  resolving  lov  frequency 
AC  linear  displacements  of  10“13  aatare  (0.001a)  and 
can  be  used  for  cha  direct  measurement  of  plezoelec- 
trlc  and  electroetrlctlve  deformations. 

Tha  sensing  element  of  the  dllatometar  system 
is  a  parallel  plate  capacitor  with  sputtered  plati¬ 
num  electrodes  supported  on  fused  silica  optical 
flees.  Changes  of  plate  separation  are  sensed  by 
the  associated  change  in  dielectric  capacitance 
which  la  monitored  by  a  capacitance  bridge.  Slow 
drift  in  the  capaclcance  due  to  thermally  induced 
changes  in  cha  plate  separation  ere  reduced  to  an 
equivalent  plate  separation  change  of  less  chan 
rO.OOZX/ minute  by  a  DC  servo  actuated  by.  the  bridge 
unbalance  signal  which  corrects  the  capacitor  plate 
position  through  ceramic  pleaoeleccric  PZT  pushers. 


For  AC  measurement,  one  place  of  the  dileco- 
mater  is  driven  along  the  axle  of  cha  capacitor  at 
e  frequency  of  14  Hz  by  a  standard  piezoelectric 
quartz  crystal.  The  second  place  of  the  sensing 
capacitor  is  driven  in  phase  at  the  same  frequency 
by  the  piezoelectric  or  eleccroecrlccor  of  incereec. 
A  narrow  band  phase  locked  detector  isolates  and 
eapllfles  the  14  Hz  signal  detected  in  the  unbalance 
output  of  the  bridge  decsccor.  By-adjusting  the 
magnitudes  of  the  AC  voltage  applied  to  the  standard 
and  the  unknown  crystals  to  produce  e  null  response 
at  14  Hz,  the  electromechanical  constants  of  the 
two  crystals  can  be  coopered  with  very  high  preci¬ 
sion. 

Some  exas^lea  ere  given  of  piezoelectric  and 
electroetrlctlve  crystals  and  ceremica  vhlch  have 
been  measured  on  the  instrument. 

Introduction 

Electroecrlctlon  vhlch  la  the  basic  electro¬ 
mechanical  coupling  in  ell  aon-plezoeleccrlc  solids 
is  ec  present  very  poorly  tmderscood.  There  ere 
few  reliable  data  for  the  separate  components  of 
the  eleccroetrlcclon  tensor  even  in  simple  solids, 
and  there  is  no  theory  which  is  adequate  even  for 
alkali  halide  crystals.  Experimentally,  the  diffi¬ 
culty  is  clearly  associated  with  the  very  small 
magnitude  of  the  eleccroecrlccive  sereins  evan  at 
the  highest  possible  field  levels  in  simple  low 
permittivity  solids.  Theoretically  the  absence  of 
wall  authenticated  experimental  values  has  certainly 


been  e  major  disincentive  to  development  and  none  of 
the  present  theories  is  viable. 

The  instrument  described  in  this  paper  has  been 
designed  to  resolve  AC  linear  displacements  of  10"13 
meters  (10-3  X)  and  to  permit  the  precise  measure¬ 
ment  of  the  very  small  eleccrostrlcclve  sereins  in 
low  permittivity  solids.  (The  work  is  e  preliminary 
pare  of  a  larger  program  in  the  Materials  Research 
Laboratory  vhlch  focuses  upon  both  the  experimental 
measurement  and  the  theoretical  description  of  elsc- 
eroa friction.)  The  AC  differencial  capacitance 
dilecomaeer  which  has  been  constructed  is  based  upon 
an  aarly  design  by  Bohaty  and  Heussiihl.^ 

In  this  paper,  the  principle  of  Che  capacitance 
dllacomster  ie  described  first,  the  DC  servo  stabi¬ 
lization  of  the  sensing  capacitor  which  le  the  key 
to  improved  stability  and  sensitivity  discussed, and 
the  experimental  arrangement  detailed.  The  develop¬ 
ment  of  a  unique  new  AC  calibration  capacitor  is 
briefly  described  end  finally  some  examples  ere 
given  of  piezoelectric  and  eleccroscrlctlve  crystals 
end  ceremica  which  have  been  measured  on  che  instru¬ 
ment. 

Design  of  the  Capacitance  Dilacomacer 

The  scheme  of  che  dilaeosmcer  is  shown  in  Flg.l. 
The  serein  sensing  capacitor  consists  of  cwo  plati¬ 
num  sputtered  fused  silica  pieces  (2"  diameter).  The 
eleccroscrlctlve  (or  piezoelectric)  sample  placed 
vlch  sputtered  platinum  eleccrodas  la  rigidly  mech¬ 
anically  connected  through  an  insulating  luciee 
support  to  che  right  piece  of  che  sensing  capacitor. 
If  che  sample  cryscel  le  driven  electrically,  che 
right  piece  will  be  excited  mechanically  through  che 
eleccroecrlccive  (or  piezoelectric)  strain  generated 
in  che  crystal.  A  standard  piezoelectric  cryscel  is 
mounted  in  e  similar  manner  so  thee  che  plazoelec- 
trically  generated  serein  is  coisaunlcecsd  to  che 
left  piece.  Since  the  sensing  capacitance  C  le  given 

by 

c  -  c  £  a) 

where  C  ie  che  permittivity  of  elr  ec  acaospherlc 
pressure,  A  che  piece  area,  and  t  che  separation, 
the  capeclcencc  change  1C  eesoclaced  with  a  small 
change  in  1  (11)  will  be  given  by 

1C  -  (-^)1A  •  Kli  (2) 

r 


If  the  eleetrostrictive  and  the  piezoelectric 
standard  crystals  ara  driven  with  AC  volcagea  ec 
frequencies  of  a  and  2u,  both  capacitor  places  will 
be  excited  mechanically  ec  a  frequency  of  2a.  When 
Che  phase  and  amplitudes  of  the  elcccric  fields  of 
both  crystals  are  suitably  chosen,  the  capacitor 
places  will  vibrate  in  exact  synchronism  producing 
a  net  zero  modulation  of  the  separation  and  thus  of 
Che  capacitance  at  2a*.  Figure  2  shows  che  crystal 
deformations  in  the  piezoelectric  scandard  and  che 
sleccrostriccive  saeple  at  che  null  condition. 
Clearly,  if  this  null  condition  tan  be  precisely 
established,  then  from  che  AC  volceges  applied  to 
both  crystals,  their  known  dimensions  and  che  piezo¬ 
electric  coefficient  of  the  standard  crystal  (quartz) 
che  unknown  eleecrostrlctive  coefficient  can  be  cal¬ 
culated.  For  che  piezoelectric  sample  che  situation 
is  slightly  different. 

A  simple  block  dlegrem  of  che  full  measuring 
system  is  given  in  Fig.  3.  The  components  of  che 
mechanical  circuit  (e,b,c,d)  are  identical  in  prin¬ 
ciple  to  chose  used  by  Bohaty  and  Haussuhl.l  How¬ 
ever,  to  sense  and  control  che  capacitor  (b,c)  e 
General  Radio  1620  capacitance  measuring  assembly 
is  used  (J,k,l).  To  obtain  maximum  sensitivity, 
che  capacitance  bridge  is  operated  at  e  frequency 
of  5  kHz,  che  standard  piezoelectric  crystal  is 
driven  at  14  Hz  and  che  electrostriccor  under  study 
at  7  Hz.  The  phase  locked  detector  is  locked  to 
che  14  Hz  driving  oscillator. 

DC  Servo  Stabilization 

Obviously  che  sensitivity  constant  K  in  Eq  (2) 
can  be  made  very  large  if  che  separation  2  can  be 
made  vary  small.  In  e  practical  system,  hovever,  a 
limiting  value  of  l  is  sec  by  slow  dimension  changes 
due  to  thermal  drift.  Even  chough  che  mechanical 
support  for  che  sensing  capacitor  is  made  from  super 
Inver  with  a  vary  small  chermal  expansion  coeffici¬ 
ent  (S  0.3  x  10“°  deg~l) ,  and  che  assembly  is  put 
into  a  chamber  controlled  to  Z0.04*C,  thermal  di¬ 
mension  changes  are  still  very  much  larger  chan  che 
eleecrostrlctive  displacements  Induced  ec  tolereble 
fields,  end  would  cake  che  bridge  decector  veil  out 
of  its  linear  range.  To  overcome  chls  problem,  e 
DC  output  from  che  phase  locked  bridge  detector  le 
used  to  operace  a  Burleigh  RCA 2  servo  emplifler 
which  actuates  chree  parallel  piezoceramic  mechani¬ 
cal  actuators  made  of  ?ZT  controlling  the  static 
plate  separation  (be). 

Instrument  Examinations 
Servo-Positioner  Check 

After  che  system  has  stabilized  for  some  four 
hours,  che  DC  servo  system  is  disabled  and  che  in¬ 
trinsic  drift  race  of  che  capacitance  decermlnsd 
by  measuring  che  bridge  unbalance  signal  es  e  func¬ 
tion  of  time  (Fig.  4).  By  rebalancing  che  bridge 
perlodlcelly  che  capacitance  Increment  for  a  given 
unbalance  voltage  can  be  determined,  and  from  the 
AC  a  corresponding  At  can  be  celculaced.  Ic  is 
evldcnc  from  Fig.  4  chac  without  compensation  che 
drife  race  corresponds  to  a  place  separation  change 
of  1  X/mlnute.  Maintaining  che  same  conditions, 
the  DC  servo  is  now  turnod  on,  end  at  che  same  gain 


setting  no  drift  is  discernible.  Turning  the  gain 
up  by  e  feccor  of  100,  however,  (Fig.  4,  right-hand 
scale)  ic  is  evidsnt  chat  che  drife  race  now  corres¬ 
ponds  eo  e  linear  dimension  change  of  0.002^/ minute. 

Resolution  Check 

To  check  che  AC  sensitivity  che  standard  quarez 
crystal  was  driven  by  a  Wavecek  Model  142  oscillator 
sc  14  Hz.  With  30  volts  ros  applied  to  che  bridge, 
che  lock-in  output  as  a  function  of  voltage  applied 
to  che  quarez  crystal  is  given  in  Fig.  5.  The  linear 
relation  expected  for  e  piezoelectric  is  clearly 
evident.  Right-hand  scale  shows  the  actual  deforma¬ 
tion  of  the  quarez  crystal  in  X  rms,  calculated  by 
use  of  che  absolute  calibrator  chat  will  be  dis¬ 
cussed  later.  The  experimental  error  is  much  small¬ 
er  chan  ehe  solid  circles  and  is  about  zO.l  mV,  which 
corresponds  to  C10~3  X.  This  value  is  the  smallest 
resolvable  increment  ac  present.  Taking  chs  quartz 
thickness  valus  of  1  -  5.45  mm,  che  resolvable  in- 
cremen^corresponds  to  the  resolvable  strain  M/l  “ 

Further  Checks 

The  lock-in  output  for  e  fixed  value  of  drive 
voltage  to  the  quartz  standard  (10.3  V  rms)  was  re¬ 
corded  as  e  function  of  capacitor  plate  separetlon 
(Fig.  6)  end  of  voltage  epplled  to  che  capacicence 
bridge  (Fig,  7).  If  the  measured  signal  comes  only 
from  the  cepacltence  bridge  unbelance,  this  should 
scale  linearly  with  che  square  of  cepacitance  and 
with  the  bridge  oseillacor  voltage  es  is  evident  in 
Figs.  6  and  7.  A  slight  anomaly  observed  at  110  pF 
in  Fig.  6  is  caused  by  the  sensitivity  dial  change 
of  the  capacitance  bridge. 

AC  Calibration  Capecicor 

We  have  described,  so  fer,  e  system  in  vhich 
Che  known  piezoelectric  cosfficlenc  of  a  scandard 
quarez  crystal  has  been  ussd  to  calibrate  che  AC 
voltage  output  in  terms  of  e  calculated  place  sep¬ 
aration  change.  We  propose  e  different  wey  of 
deriving  the  sensitivity  by  using  a  very  small  3- 
cermlnal  variable  air  capaclcor  which  can  be  driven 
at  low  AC.  Figure  8  shows  che  principle  of  the 
absolute  calibrator  using  an  alternating  capacitance. 
When  the  capacitor  place  is  driven  mechanically  by 
chs  electromechanically  generated  strain  in  che 
crystal  (I),  che  capacitance  bridge  output  (5  kHz) 
is  modulated  ac  14  Hz  as  in  the  bottom  figure.  If 
we  use  the  small  alternating  capaclcance  connected 
in  parallel  to  che  sensing  capaclcor  instead  of 
driving  che  sample  (II),  the  same  order  of  modulated 
output  ten  be  established.  If  we  measure  che  lock- 
in  output  by  driving  this  alternating  capacitance, 
from  the  known  alternating  capacitance  change  and 
the  capacitance  of  the  sensing  capacitor,  we  can 
calculate  the  equivalent  AC  linear  deformation 
using  Eq  (2).  The  scheme  of  the  alternating  capa¬ 
citance  generator  designed  is  shown  in  Fig.  9.  The 
capacitance  is  made  in  a  completely  shielded  alumi¬ 
num  box.  When  Che  central  circular  aluminum  place 
is  in  che  vertical  position,  no  electric  flux  can 
thread  between  the  needles  and  che  capacitance  is 
almost  equal  to  zero.  In  the  horizontal  position 
the  capacitance  shows  a  maximum.  By  rotating  the 
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aluminum  plate  with  a  constant  speed  motor  (r.lcccro- 
Craft  Motomatlc  System),  a  sinusoidal  capacitance 
change  (3-26  aF)  can  be  obtained  as  shown  In  the 
bottom  figure.  The  reference  signal  co  the  phase 
locked  detector  le  produced  by  the  photodiode  end 
the  rotating  shutter  fixed  on  the  rotating  axle. 


the  wurtzlte  piezoelectric  coefficient  can  be  cal¬ 
culated  as  follows: 


d 

S  VQ , OUT  Q 


(5) 


If  we  obtain  the  lock-in  output  of  V^g  mV  by 
driving  the  alternating  capacitance  generator  under 
one  instrument  condition  with  the  sensing  capacitor 
of  C  pF,  the  sample  crystal  deformation  in  A  rme 
corresponding  to  the  unlc  lock-in  output  in  mV  can 
be  calculated  as  follows  when  measured  under  the 
same  condition: 


( 


1430 


(A/mV] 


(3) 


Null  Condition  Method 


With  a  fixed  value  of  drive  voltage  to  the 
wurtzlte  sample,  the  lock-in  output  as  a  function  of 
volcage  applied  to  the  standard  quartz  crystals  was 
measured  (Fig.  11).  The  null  condition  is  estab¬ 
lished  at  the  output  minimum  position.  3y  using  the 
ratio  of  the  voltage  applied  co  the  wurtzlte  and  the 
alnlmua  position  voltage  and  che  quartz  piezoelec¬ 
tric  coefficient,  the  wurtzlte  coefficient  can  also 
be  calculated  as  follows: 


Sample  Measurements 

To  get  the  unknown  piezoelectric  or  electro- 
etrictive  coefficient,  there  are  three  different  waye 
of  using  the  present  instrument: 

1.  Absolute  Calibration 

(using  alternating  capacitance  generator) 


V 

O.IN 

v 

VS,IN 


(6) 


where  crystal  driving  voltages  are  created  as  root 
aaan  equare  values.  Both  methods  gave  the  same 
value  of  the  wurtzlte  piezoelectric  coefficient 
(d33  -  3.20  zO.02  x  10“12  mV1)  . 


2.  Relative  Calibration 

(using  standard  quartz  driving) 

A.  Separate  vibrating  method 

B.  Null  condition  method 

3.  Sign  Determination  of  Elect  restrictive 
Coefficient 

(using  elect roe trie tlve  standard  PUB 
driving) 


Figures  12  and  13  show  the  data  for  the  elec- 
trostrictive  sample  Pb(Mg3/3Nb2/3)03  ceramic.  Lock- 
in  outpuc  wae  completely  proportional  to  the  square 
of  applied  voltage  (Fig. 12).  Vary  clear  null  condi¬ 
tion  can  also  be  obtained  at  about  100  V  rms  to  the 
standard  quartz  (Fig.  13).  In  this  case  the  elec- 
trostrlctlve  coefficient  le  calculated  as  follows: 

"s  -  *  VoVx'Vtx1  <” 


Absolute  Calibration 

By  using  the  output  from  the  alternating  capa¬ 
citance  generator,  the  deformation  corresponding  co 
Che  lock-in  output  can  be  calculated.  The  piezo¬ 
electric  or  electros crlccive  coefficient  will,  there¬ 
fore,  be  given  as  follows: 

d  -  < vT?  *  10"10  Yoot'Yin  <*•> 


where  VSiI{(  and  V.  are  voltages  applied  co  the 
sample  and  co  quartz'  standard  at  che  output  minimum 
position,  ts  che  sample  thickness. 

It  is  worth  mentioning  here  Chat  in  a  practical 
case,  however,  Che  lock-in  outpuc  minimum  le  noc 
exactly  equal  co  zero  because  of  a  slight  phase  dif¬ 
ference  beeveen  che  vibracione  of  both  cryetale. 

The  details  are  discussed  in  che  appendix. 

Sign  Determination  of  Electroecrlcclve  Coefficient 


or 


"  ‘  /I<^>  1 10'10  *«  'WY 


IN 


(■V2i 


(4b) 


where  Vgyj  is  che  lock-ln  output  voltage  in  mV, 
la  che  voltage  applied  co  the  sample  in  V  rme  and 
t  che  thickness  of  the  sample  in  a.  Figure  3  la  a 
good  example  for  che  piezoelectric  case.  We  ob¬ 
tained  che  piezoelectric  coefficient  of  quarts  as 
d^  «  2.27  iO.Ol  x  lO”*-2  mV-*  from  the  data. 


To  determine  che  sign  of  che  unknown  eleccre- 
tcriccive  coefficient  le  rather  complicated  in  a 
system  which  consists  of  che  piezoelectric  standard 
and  che  unknown  eleccroscrlctor,  noc  only  because 
the  electric  field  frequency  applied  co  che  sample 
is  different  from  the  frequency  for  che  standard, 
but  also  because  che  vibrational  phase  of  che  piezo¬ 
electric  has  two  possibilities  (ISO*  difference) 
due  co  che  crystal  setting.  We  propose  co  use  a 
known  eleccroecrlccor  ae  a  standard  Instead  of 
quartz  crystal,  since  che  eleccrostriccive  strain 
la  noc  affected  by  180*  setting  difference. 


Separate  Vibrating  Method 

The  lock-in  output  wee  recorded  separately  for 
che  piezoelectric  wurtzlte  and  quartz  under  che 
optimum  condition  (Fig.  10).  By  using  che  ouepue 
ratio  of  wurtzlte  and  quartz  at  che  same  applied 
volcage  and  che  quartz  piezoelectric  coefficient. 


Fb(Ngi/3in>2/3)03  ceramic  with  perovsklce-cype 
structure  le  one  of  the  best  examples,  which  has  a 
positive  eleccroecriccive  coefficient  (M  •  1.03  - 
0.01  x  10-16  miV"2)^ 


-H2 


Example  Date  and  Discussion 
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Appendix 


Some  example  date  of  piezoelectric  and  eleccro- 
scrlccive  cryatel*  and  ceramlca  measured  by  che 
established  inetruxoent  ere  Hated  In  Table  I,  com¬ 
pared  vich  che  previous  daca.  Coincidence  between 
the  values  determined  by  Che  preeenc  and  previous 
works  for  quartz  and  vurczice  indlcaces  che  preci¬ 
sion  of  che  established  instrument.  Ic  is  worth 
mentioning  chat  che  error  is  can  times  smaller  chan 
Che  ones  in  Che  previous, works.  We  emphasize  chec 
che  resoludon  of  lO.OOlA  is  equal  co  che  greatest 
one  in  che  world  and  corresponds  co  che  resolvable 
strain  11/i.S  il0“10,  the  order  of  which  ocher  mea¬ 
surements  (e.g.  x-rey  diffractometer)  cannot  attain 
to. 

Further  measurements  about  many  samples  Inclu¬ 
ding  elkall  halide  crystals  will  be  made  In  che  near 
future. 
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Superposition  of  Two  Waves  wlch  Different 
Phases 

When  e2  and  e2  are  che  amplitudes  of  AC  defor- 
na clone  of  che  sample  and  che  standard  crystals  re¬ 
spectively  end  d  che  phese  difference,  che  chenge 
of  the  sensing  capacitor  seperacion  11  will  be  given 
ee  follows: 

11  ■  a^  sin  uc  -  a^  sin  (uc+d) 

-  (*l~*2  cos  ^  sin  uc  -  e^  sin  u  cos  uc 
■  [a^2-2a^aj  cos  sin  (wc-^)  (8) 

where  can  •  Sj  sin  6/  co*  $)  • 

[l-2r  cos  d+r2]1^2  term  represents,  therefore, 
the  normalized  shape  of  che  dllscomecer  output  curve 
as  a  function  of  driving  volcage  applied  co  che 
quartz  standard.  Figure  14  shows  che  theoretical 
calculecion  of  che  null  condition  method  for  various 
phese  differences. 


Table  I.  Some  example  daca  of  electromechanical  coefficients 


Sample 

Coefficient 

Present 

Previous 

Quartz  <100> 

^  (xlO-12  mV'1) 

+2.27  (±0.01) 

+2.273 

Uurtzice  <001> 

d33  (xlO.'12  mV-1) 

+3.20  (±0.02) 

+3.2  (±0.2)* 

Berllnlce  <100> 

dj^  (xlO'12  mV’1) 

-3.98  (±0.05) 

-5.3  (±1.6)5 

Pb(M«i/3Nb2/3)03 

(ceramic) 

(xlO'16  mV2) 

+1.05  (±0.01) 

+1.4  (±0.2) 2 
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function  of  tl»«  with  and  without 


Ovarii  Driving  Voltoge  Dependence 
<100>  longitudmot  effect 
Under  the  optimum  condition 
with  C  •  79.6  pF 

- 1 - 1 - 1 - 1 — 

Resolution  t  0.1  mV  —  I  I0"J  I 


0  50  OO  150  200 

Voltage  oppi'.ed  to  Ouortl  (Vrmt) 

Fig.  5  Ollecooecer  oucpuc  end  the  actual  defor- 
aacion  aa  a  funcclon  of  driving  voltage 
applied  to  the  quartz  standard  crystal. 


Bridge  Oscilloior  Volloqa  Dependence 
measured  by  Standard  Quart*  Onvrng 


>  300 


0  O  20  30  40 

Bridge  Oscillator  Voltage  (Vrmt) 


Fig.  7  Dilaconecer  output  as  a  function  of  bridge 
oscillator  voltage  for  fixed  10.8  V  rma 
applied  to  the  quartz  crystal. 


Coooator  Plates  Gao  Oependtnct 


measured  by  Standard  Quart!  Driving 
Lock-  in  Amp.  Output  cAC  *  ~T~£}  C* 


f  4“[ 


4  300  ■ 

I 

I  200  ■ 


Capacitor  Plates  Gao  (i*m) 
»  200  150  120 _ !00  . 


i  lOOr 


0  12  3  4*I04 

Square  a(  Cooacitonce  (pF* ) 

Fig.  6  Diletoaeter  oucpuc  aa  a  function  of  capaci¬ 
tor  place  separation. 


Principle  of  Absolute  Standard  using  Alternating  Cdpocitance 
1 1  Somple  Driving 

_  14  Mi 


II )  Equivalent  Alternating  Capacitance 


SkHiJ 
Precision  Copocitonce  j 
Bridge  Output  '*■ 


lliwlft 

jjlpuljlj 


Fig.  3  Principle  of  the  absolute  calibrator.  (1) 

saaple  driving:  (11)  equivalent  alternating 
capacitance. 
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Alternating  Caoacitance  Generator 


Fix.  ?  Scheme  of  the  alternating  capacitance  generator 


Separate  -v. orating  Method 
Quart i  (lOO) 

Wurlnte  (001)  ft  *1,39 
Under  the  ooltmum  condition 
with  C  >  lOS  S  oF 


Separate  vibrating  method  for  vurtslte  acd  T-tct*. 


Null -condition  Method 
Quart!  <tOO> 

Wurtnte  <00l)  R  *  I  41 
Under  the  optimum  condition 
with  C  *  103  3  pF 


Mg.  U 

NuU.  condition  aethod  between  wurtzlte  and  quarts. 


Dilacoaeter  output  aa  a  function  of  equare  of  driving  voltaee  .ddii.,i 
to  Pb(Mg,  ceramic.  ‘ 


t  A»!  «»»<•* 
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Nell-eondilion  between  Quartz  and 

W<MV»NI,z/»)0»  v'b,0,i0B 

Under  the  optimum  condition 
wilti'C*  74  Op F 

PMN  OrMnt)  VWIoda:74.7Vrmt<7Hz) 


Slondord  Quartz  Orivinq  Voltage ( VrnM ) 
flj,  13  Hull  condition  method  between  PMN  tad  quartz. 


Theereticol  Calculation 


r  (•oT/o, ) 


fl*.  14  Theoretical  calculation  of  tha  null  condition  oat hod  for  varloue  phase 
differences  be 'ween  the  staple  and  the  standard  vibrations. 


117 


195 


APPENDIX  2.5 
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Lead  magnesium  niobare  and  other  relaxor  lerroelectrics  are  promising  transducer  materials  Tor  use  as  active  elements  in 
adaptive  optic  ssstems  and  similar  applications  These  ceramics  are  dominantly  in  the  paraelectnc  phase,  and  dimension 
control  is  obtained  through  the  high  intrinsic  quadratic  electrostrictive  effect.  Since  stable  ferroelectric  domain  structures 
do  not  occur,  the  problems  of  dimensional  creep  and  non-reproducibility  (aging  and  de-aging  effects)  of  the  conventional 
poled  piezoelectric  ceramic  are  largely  eliminated.  Suitably  chosen  compositions  in  the  PbjMgNb.O„-PbTiOj  family 
give  electrostnction  strains  ten  times  larger  than  those  of  conventional  BaTiOj-based  ceramics.  Low  expansion  coef-' 
licients  are  an  added  advantage  for  thermal  stability. 

Early  in  the  evolution  of  piezoelectric  ceramics. 

“soft"  low-coercivity  ferroelectric  ceramics  were 
often  used  under  DC  bias  for  piezoelectric  applica¬ 
tions.  However,  with  the  evolution  of  the 
Pb(Zr.  Ti)Oj.  where  the  effective  coercivity  could 
be  controlled  by  suitable  dopants,  the  present 
generation  of  poled  piezoceramics  completely  re¬ 
placed  these  early  electrostrictive  devices.  Over  the 
past  ten  years,  however,  the  rapid  development  of 
tape-cast  multilayer  technology,  and  the  ensuing 
development  of  new  high-permittivity  low-satura¬ 
tion  anhysteretic  capacitor  dielectrics  has  con¬ 
siderably  changed  the  situation. 

Foremost  among  these  formulations  are  a  large 
family  of  ferroclectrics  which  exhibit  strong  re¬ 
laxation  character  in  their  dielectric  response  near 
the  ferroelectric  Curie  temperature.1*3  Lead-mag- 
nestum  ntobate  (PbjMgNb?09)  is  perhaps  the 
best  example  for  which  a  wide  spectrum  of  pro¬ 
perties  has  been  measured  in  both  single  and  poly- 
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crystal  samples.  In  this  crystal,  the  unusual 
response  has  been  traced  to  a  statistical  inhomo¬ 
geneity  in  the  distribution  of  the  Mg**  and  Nb5* 
ions  in  the  B-sites  of  the  ABOj  perovskite  structure. 
This  random  arrangement  leads  to  a  distribution 
of  microvolumes  within  the  sample  which  have 
widely  different  Curie  temperatures.  Thus  on  cool¬ 
ing  from  high  temperature,  there  is  a  Curie  range 
rather  than  a  distinct  Curie  point,  and  within  this 
Curie  range  the  crystal  exhibits  an  intimate  mixture 
of  paraelectric  and  ferroelectric  regions. 

The  point  which  is  of  major  interest  for  potential 
electrostriction  applications  is  that  for  tempera¬ 
tures  within  this  Curie  range,  the  crystal  can  be 
poled  into  a  strongly  ferroelectric  form,  but  on 
removal  of  the  poling  field  reverts  back  to  a  ran¬ 
dom  arrangement  of  microdomain  volumes  with 
no  net  remanent  moment.  It  is  the  growth,  re¬ 
orientation  and  subsequent  decay  of  the  micro- 
aomains  which  gives  rise  to  the  time-dependent 
dispersive  dielectric  response  over  the  Curie  region. 

High  field  dielectric  measurements  at  60  Hz 
for  temperatures  just  below  the  Curie  range  show 
an  apparent  normal  hysteretic  response  with  large 
levels  of  induced  polarization.4  However,  low- 
frequency  pyroelectric  studies  indicate  clearly  that 


FIGURE  I  Transverse  strain  tn  ceramic  specimens  of  0.9  PMN-0.1  PT  (a)  and  a  typical  hard  PZT  8  piezoceramic 
(b)  under  slowly  varying  electric  fields.  Strains  are  comparable  in  the  two  materials  but  are  far  more  reproducible  in  the 
electrosirictive  relaxor  because  of  de-aging  effects  in  piezoelectric  PZT. 


the  apparent  remanence  is  spurious5  and  is  asso¬ 
ciated  with  the  more  slowly  decaying  domain 
component  of  the  total  polarization,  thereby 
causing  an  S-shaped  saturation  curve  without 
remanence. 

Clearly,  then,  in  the  ferroelectric  relaxors  the 
possibility  exists  for  utilizing  the  major  poling 
strain  for  position  control  and  for  generating  a 
high  strain  device  which  would  be  a  close  dielectric 
analog  of  the  magnetostrictive  systems.  A  critical 
initial  datum  required  is  a  measure  of  the  simple 
electrostriction  in  a  relaxor  ferroelectric  for  some 
temperature  above  the  Curie  range.  If  the  magni¬ 
tudes  of  the  Qij  constants  are  similar  to  those  in 
more  normal  perovskites  such  as  BaTi03  then 
the  high-induced  polarizations  in  the  Curie  range 
will  cause  very  high  strain  levels  and  these  systems 
are  obviously  of  practical  interest  for  further 
study. 

The  thrust  of  our  current  studies  is  to  develop 
materials  with  large  electrostrictive  response  for 
static  of  low  frequency  position  control  and  to 


explore  some  of  the  materials  systems  in  which  an 
electric  field-induced  phase  change  may  be  used  to 
generate  and  control  a  highly  nonlinear  strain 
response.  Applications  of  current  interest  include 
optical  interferometers,  phase-correction  mirrors, 
and  other  multiposition  optical  components.6 

The  relaxor  ferroelectric  chosen  for  study  is 
Pb3MgNb,09,  hereinafter  abbreviated  PMN. 
Early  optical  studies  show  that  above  -20°C 
PMN  has  no  stable  remanent  polarization,  even 
though  large  polarization  levels  can  be  field- 
induced  with  corresponding  high  stable  quadratic 
electrooptic  response.  Clearly,  if  the  quadratic 
electrostriction  constants  in  this  structure  are 
“normal,”  high  stable  quadratic  electrostriction 
should  also  occur.  This  was  shown  to  be  the  case, 
and  PMN  itself  is  superior  to  modified  BaTi03 
in  its  electrostrictive  response.  The  response  can 
be  further  improved  if  the  Curie  range,  which  is 
below  room  temperature  in  PMN.  could  be  shifted 
to  slightly  higher  temperature,  and  our  major 
effort  has  been  focused  on  solid  solution  systems 
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Pohrlutlon  P,2  In  C2/M * 


FIGURE  2-  Field-induced  transverse  strain  in  polycrystalline  0.9  PMN-0.1  PT  plotted  against  the  square  of  the 
electric  polarization.  The  linear  relationship  between  these  two  quantities  indicates  that  the  strain  is  primarily  elecro- 
stnctive  in  origin. 


based  on  PMN  which  might  accomplish  this  goal. 
In  this  paper,  we  report  the  results  for  a  com¬ 
position  in  the  Pb3MgNbj09-PbTi03  solid  solu¬ 
tion  series,  0.9  PMN-0.1  PT. 

Ceramic  samples  of  0.9  PMN-0.1  PT  were  pre¬ 
pared  from  reagent  grade  PbO,  MgO,  Nb205 
and  TiOj.  The  constituent  oxides  were  mixed  in 
the  appropriate  proportions,  ball-milled  in  alcohol, 
then  dried  and  calcined  at  950°C  for  15  hours.  The 
calcine  was  reground  and  refired  twice  more  under 
the  same  conditions  to  ensure  complete  reaction. 
After  cold  pressing  to  form  disks  of  the  required 
shape,  samples  were  fired  in  a  closed  alumina 
crucible  at  1320°C  for  two  hours,  giving  a  specific 
gravity  of  7.41.  X-ray  diffractometer  patterns  re¬ 
corded  at  room  temperature  verified  the  cubic 
perovskite  structure. 

Weak-field  dielectric  measurements  were  re¬ 
corded  as  a  function  of  temperature  using  a 


HP  427A  automatic  bridge  and  a  model  Delta 
Design  2300  environment  control  chamber.  At 
1  kHz,  the  dielectric  constant  of  0.9  PMN-0.1  PT 
is  about  7000  at  room  temperature.  The  Curie 
range  extends  from  about  0  to  40°C. 

Electrostrictive  strain  was  measured  with  a 
Model  24  DCDT-050  transducer  manufactured  by 
Hewlett  Packard  which  operates  as  a  differential 
transformer  dilatometer.  The  transverse  contrac¬ 
tion  S2  was  measured  along  a  thin  ceramic  rod 
subject  to  DC  bias  fields  (£,)  applied  in  a  direction 
normal  to  the  length  of  the  rod.  Figure  1  shows  the 
transverse  contraction  of  polycrystallmc0.9  PMN- 
0.1  PT  plotted  as  a  function  of  bias  field.  The 
relaxor  ceramics  are  anhysteretic.  and  retrace  the 
same  curve  with  rising  and  falling  fields. 

For  comparison  the  piezoelectric  strain  of  a 
hard  PZT  8  under  cyclic  fields  is  also  plotted  in 
Figure  1.  This  material  has  often  been  used  in  the 


Temperature  In  °C 

FIGURE  3  Thermal  strain  of  polycrystalline  0.9  PM N -0.1  PT  ceramic.  The  linear  thermal  expansion  is  about 
IQ-s  C" 1  at  400°C  and  less  than  10'*  C'1  at  room  temperature. 


fabrication  of  multi-dither  mirrors  and  other 
active  optical  components.6  Of  special  interest  in 
this  comparison  is  the  maximum  strain  and  re¬ 
producibility  under  cyclic  drive  conditions. 

It  is  in  the  area  of  dimensional  stability  and  re¬ 
producibility  where  the  relaxor  material  compares 
most  favorably  with  PZT.  Using  a  typical  PZT  8 
which  has  a  piezoelectric  coefficient  d31  =  -128 
x  10" 2  ra/V,  with  a  drive  of  14  kV/cm  which  is 
required  to  produce  a  deformation  comparable  to 
the  relaxor  ceramics,  initial  deaging  on  the  first 
cycles  produces  a  considerable  walk-off  in  the 
initial  zero  position.  Field-induced  strains  in 
0.9  PMN-0.1  PT  are  larger  than  those  in  PZT  and 
far  more  reproducible. 

Transverse  electrictive  strain  is  defined  as  S2  = 
Qn  P2  where  Ql2  is  the  polycrystalline  (averaged) 
electrostriction  constant  and  P,  the  electric  polari¬ 
zation  induced  by  an  electric  field  £,.  To  confirm 


the  electrostrictive  nature  of  the  response  in  re¬ 
laxor  ferroelectrics,  S2  was  plotted  as  a  function  of 
P f  (Figure  2).  The  electric  polarization  was 
measured  using  the  Sawyer  and  Tower  method  in 
which  dielectric  hysteresis  loops  were  generated 
with  a  slow  wave  sweep  of  1  Hz,  and  the  maximum 
polarization  read  from  the  tip  of  the  loop  for  each 
level  of  applied  field.  It  is  evident  from  Figure  2 
that  transverse  strain  S2  is  linearly  related  to  Pf 
for  0.9  PMN-0. 1  PT  ceramics.  We  have  found  the 
relation  to  be  qualitatively  satisfied  for  other  high- 
permittivity  materials  as  well. 

The  electrostriction  coefficient  Ql3  calcula¬ 
ted  from  the  slope  of  the  line  in  Figure 
2  is  -0.9  x  10'2m4C2,  which  is  comparable 
to  other  perovskites.  Ceramic  BaTi03,  SrTi03, 
Pb(Zr.  Ti)03  and  Ka03  all  have  Ql2  values  of 
about  -1  x  10"2m4C2.  The  large  electrostric¬ 
tive  strains  of  PMN  and  other  relaxor  ferroelectrics 
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are  not  caused  by  unusually  large  electrostriction 
coefficients,  but  rather  by  unusually  large  induced 
polarizations.  In  other  words,  the  strain  can  be 
attributed  primarily  to  the  large  dielectric  con¬ 
stant  rather  than  a  big  coupling  coefficient. 

Another  interesting  property  of  relaxor  ferro- 
electrics  is  the  very  small  thermal  expansion 
effect  throughout  the  Curie  range.  Smolenskii 
and  co-workers  reported  a  linear  expansion  coef¬ 
ficient  of  2  x  10'6/C  for  ceramic  PMN  near 
room  temperature.  Figure  3  shows  the  thermal 
strain  of  0.9  PMN-0.1  PT  plotted  as  a  function  of 
temperature.  These  measurements  were  made  on  a 
93  °0  dense  ceramic  prepared  as  a  rectangular 
bar  3.5  x  0.6  x  0.6  cm.  The  sample  was  mounted 
in  a  fused  silica  holder,  and  the  strain  measured 
with  a  displacement  transducer.  Hewlett-Packard 
Model  24  DCDT-250.  After  cooling  down  to  liquid 
nitrogen  temperature,  the  sample  was  heated  at  a 
rate  of  about  0.5;C  min  to  500°C.  Calibration  was 
carried  out  with  a  barium  titanatc  standard,  re¬ 
producing  previous  measurements  to  better  than 
5° 

J  O* 

In  the  temperature  range  — 100  to  +  100°C,  the 
thermal  expansion  coefficient  of  0.9  PMN-0.1  PT 
is  less  than  I  x  10"6/C,  comparable  to  the  very 
best  low-expansion  ceramics.  Thermal  expansion 
coefficients  of  spodumenc,  petalitc,  and  fused 
silica  are  in  the  range  0.2  to  0.9  x  10"6.  At  higher 
temperatures  above  300CC,  the  expansion  coef¬ 
ficient  of  0.9  PMN-0.1  PT  increases  to  10  x  10"  6 


which  is  typical  of  perovskite  oxides  By  way  o, 
comparison,  alumina,  zirconia.  and  most  oxide 
refractories  also  lie  between  5  and  15  x  10“  6 

The  thermal  strains  (Figure  3)  are  far  smaller 
than  the  electrostrictive  strains  (Figure  I),  which  is 
extremely  advantageous  for  micropositioner  ap¬ 
plications.  since  dimension  changes  caused  by 
temperature  variations  can  easily  be  compensated 
electrically.  Near  room  temperature,  a  ten  degree 
temperature  shift  produces  a  strain  of  about 
5  x  10"6,  which  could  be  eliminated  by  a  field 
change  of  about  200  V/cm. 

In  summary,  relaxor  ferroelectrics  offer  severs  1 
advantages  over  normal  piezoelectric  transducers. 
(1)  large  electrostrictive  strains  comparable  i  • 
the  best  piezoelectric  ceramics;  (2)  excellent  posi¬ 
tional  reproducibility;  (3)  no  poling  is  required, 
and  (4)  very  low  thermal  expansion  coefficients. 
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Properties  of  new  electrostrictive  materials  for  displacive  transducers  are  reviewed 
including  theoretical,  material  and  design  studies.  Intensive  investigation  of  the  electro¬ 
strictive  effects  in  ferroelectric  and  antiferroelectric  perovskites  have  led  to  some 
empirical  rules:  the  product  of  the  electrostriction  coefficient  Q  and  the  Curie— Weiss 
constant  C  is  constant  for  all  perovskite  crystals  and  the  Q  value  is  proportional  to  the 
square  of  the  thermal  expansion  coefficient,  a.  Consistent  with  the  empirical  rules,  the 
relaxor  ferroelectric  ceramic  0.9  Pb(Mgi/3Nb2/3)03-0.1  PbTi03  possesses  much  larger 
strain  with  lower  hysteresis,  aging  effects  and  thermal  expansion  than  that  obtained  with 
piezoelectric  lead  zirconate  titanate  (PZT).  Using  a  multilayer  configuration  similar  to 
commercial  capacitors,  a  new  mirror  control  device  capable  of  large  strains  with  high 
reproducibility,  up  to  AL/L  -  10~\  with  only  200  V  applied  has  been  developed. 


1 .  I  ntroduction 

Electrostriction,  the  basic  electromechanical 
coupling  in  all  non-piezoelectric  solids,  is  at  present 
very  poorly  understood.  There  are  few  reliable 
measurements  of  the  electrostriction  tensor  com¬ 
ponents,  even  in  simple  solids.  The  principal  diffi¬ 
culty  is  associated  with  the  small  magnitude  of  the 
electrostrictive  strains  even  at  very  high  field 
levels.  Theoretically,  the  absence  of  well  authenti¬ 
cated  experimental  values  has  certainly  been  a 
major  disincentive  to  development,  and  none  of 
the  present  theories  are  viable. 

The  introduction  of  new  displacive  transducers 
to  control  optical  beams  in  astronomy  and  com¬ 
munication  have,  however,  prompted  the  develop¬ 
ment  of  a  new  family  of  electrostrictive  ceramics. 
Properties  which  are  important  in  materials  for 
displacement  transducers  are  as  follows : 

(1)  Sensitivity  (strain/electric  field); 

(2)  Reproducibility  (hysteresis); 

(3)  Stability  (temperature,  aging); 


(4)  Response  time,  resonances,  damping; 

(5)  Dielectric  strength,  resistivity; 

(6)  Availability  (size,  weight). 

The  initial  choices  of  materials  were  magneto- 
strictive  or  piezoelectric.  Magnetostriction  is  not 
very  useful  because  the  strains  {AL/L  ~~  10~5- 
10'*)  are  much  smaller  than  in  piezoelectric 
materials  {AL/L  —  10'J-10':)  and  because  of  the 
necessity  of  a  large  driving  coil.  The  problems  with 
piezoelectric  ceramics  are  a  large  hysteresis  and  a 
substantial  aging  effect.  On  the  other  hand,  the 
electrostriction  In  non-ferroic  crystals  is  not 
associated  with  hysteresis  or  aging,  and  the 
response  time  is  much  faster  than  that  of  domain 
reorientations  in  ferroelectrics.  An  additional 
merit  is  that  electric  poling  is  not  required.  To 
take  advantage  of  these  characteristics  new 
materials  are  needed  with  '‘enormous''  electro¬ 
striction.  contrary  to  the  usual  conception' 

In  this  paper  we  review  the  properties  of 
new  electrostrictive  transducers  des  eloped  in 
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Figure  l  Thermal  expansion 
coefficient  a  plotted  as  a  func¬ 
tion  of  hydrostatic  electrostric- 
tion  coefficient  for  various 
materials.  The  straight  line  has  a 
slope  of  0.5. 


co-operative  work  at  the  Tokyo  Institute  of 
Technology  and  The  Pennsylvania  State  University, 
including  theoretical,  material  and  design  studies. 

2.  Electrostriction  and  its  interrelation  with 
with  thermal  expansion 

Electrostriction  is  a  measure  of  the  electric  field 
(or  polarization)  induced  shifts  of  the  atoms  or 
ions  away  from  their  natural  equilibrium  positions. 
Induced  shifts  of  equivalent  atoms  or  ions  almost 
cancel  each  other  in  centric  crystals,  and  only 
the  shift  difference  due  to  potential  anhar- 
monicity  causes  strain.  The  electrostriction  coef¬ 
ficients  Q  (or  M)  are  defined  as  coefficients  in 
the  relationship  between  electric  polarization,  P. 
(or  field  E)  and  observed  elastic  strain  x,  expressed 
as  x  =  QP1  (or  A/EJ).  Clearly,  since  the  strain  is  a 
second  rank  polar  tensor  and  E  and  P  are  polar 
vectors,  then  Q  or  M  are  fourth  rank  polar  tensors. 
In  a  similar  manner,  the  thermal  expansion  coef¬ 
ficient,  a,  can  be  regarded  as  a  “compliance” 
coefficient  defined  by  the  relationship  of  strain 
with  temperature  T  (±L/L  =  aT). 

It  is  thus  not  unreasonable  to  expect  that  these 
anharmonicity  related  “compliance”  coefficients 
will  be  interrelated.  In  Fig.  1,  the  thermal  expan¬ 
sion  coefficient  a  is  plotted  against  the  hydrostatic 
electrostriction  coefficient  Qh(=  Qn  +  2Qn)  for 
the  materials  of  isotropic  or  cubic  symmetry. 
Sources  of  the  experimental  data  are  listed  in 
reference  [1  ].  The  power  relation 

a  =  4.2  x  10'5Qh'5  (1) 

was  obtained  for  this  graph. 
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3.  Phenomenology  of  electrostriction 
3.1 .  Case  of  ferroelectrics 
First  the  thermodynamic  phenomenology  of 
electrostriction  in  ferroelectrics  will  be  reviewed. 
Detailed  treatments  of  this  effect  can  be  found  in 
the  papers  of  Devonshire  [2],  Kay  [3]  and 
Forsbergh  [4],  For  convenience,  take  the  elastic 
Gibbs  energy  Gi(X,  P,  7')(dG1  =  dXu  + 
EmdPm— SdT)  as  the  thermodynamical  function 
where  S  is  entropy.  The  free  energy,  £7,,  can  be 
expressed  as  a  polynomial  in  electric  polarization  P 
and  stress  X 

C,  =  ftP,  +  i/WtW, 

+  klijklmnP i  PjP hP \P n\P n 

~  hsljklXijXkl 

-QuMXhi.  (2) 

The  subscripts  denote  directional  tensor  com¬ 
ponents. 

Using  the  Voigt  notation,  the  electrostriction  coef¬ 
ficient  tensor  Q(j  is  defined  in  a  stress-free  cubic 
crystal  (X  =  0)  by  the  following  equation 
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These  equations  suggest  one  wav  of  determining  the 
electrostriction  coefficients:  by  comparing  the 
field  or  the  polarization  with  the  resulting  strain. 
Note  that  the  polarization  can  be  either  induced  or 
spontaneous,  corresponding  to  an  induced  or 
spontaneous  strain,  respectively.  Therefore,  the 
spontaneous  volume  change  (A  VjV)%  at  the 
transition  temperature  can  be  written  as 

(AF/F),  =  0h  P,:,  (4) 

where  Oh  =  Qu  +  2£?l2  and  P,(=  P\  +  P\  +  P\)  is 
the  spontaneous  polarization  at  the  Curie  tempera¬ 
ture. 

Another  way  of  determining  the  coefficients  is 
obtained  from  the  following  argument.  When  a 
hydrostatic  pressure,  p,  is  applied  to  a  centrosym- 
metric  paraelectric  crystal,  the  reciprocal  dielectric 
susceptibility,  Xi,  is  derived  from  the  free  energy 
G,  as 

X.  -  a,  +  20hP,  (5) 

where  =  (T  —  T0)IC  (Curie-Weiss  law),  To  is 
the  Curie-Weiss  temperature,  and  C  the  Curie- 
Weiss  constant.  The  hydrostatic  electrostriction 
coefficient  Ob  is  a  measure  of  the  rate  of  variation 
of  the  reciprocal  susceptibility  with  pressure. 

The  values  of  the  electrostriction  coefficients 
can  also  be  checked  by  using  the  shift  of  transition 
temperature,  Tc,  or  Curie-Weiss  temperature,  T0, 
with  hydrostatic  pressure,  derived  from  Equation  6 

(bT0/bp)  —  (bTJbp)  =  —  2QhC.  (6) 

3.2.  Case  of  antiferroelectrics 
Elect  restrictive  terms  have  been  introduced  into 
the  Kittel  free  energy  expression  [5]  for  antiferro¬ 
electrics  in  reference  [6]  as  follows 

C,  =  ta(r)(Pj+Pb)+  M  +Pb) 

+  btf1+P$)  +  r?P,Pb-hTP3 
+  0h(P2 +  Pb +  2np,pb)P.  (7) 

This  is  a  one-dimensional  expression  in  which  P, 
and  Pb  denote  the  two  sublattice  polarizations, 
p  is  the  hydrostatic  pressure,  xt  isothermal 
compressibility,  and  Qb  and  are  electrostriction 
coefficients.  An  additional  coefficient  ft  is 
required  to  take  account  of  the  interaction 
between  the  sublattice  polarizations.  Introducing 
the  Cross  transformations  [7]  PF  =  (Pa+  Pb)/2l/J 
and  Pa  =  (Pa  —  Pb)/2l/J  leads  to  the  following 
results. 

Above  the  transition  temperature  the  induced 


volume  change  is  related  to  the  induced  ferro¬ 
electric  polarization  by 

(AF/F)i  =  <?h(l  +n)P2F,i.  (3) 

while  below  the  Neel  temperature  the  spontaneous 
volume  change  is  related  to  the  spontaneous  anti- 
ferroelectric  polarization  by 

(AF/F)S  =  Ohd-njPi,.  (9) 

In  the  case  of  antiferroelectrics,  the  spontaneous 
volume  change  at  the  transition  temperature  can 
be  either  positive  or  negative,  depending  on  the 
values,  which  differs  markedly  from  ferroelec- 
tries. 

The  pressure  derivatives  of  the  Neel  and  Curie- 
Weiss  temperature  are 

(97W9p)  =  -2Qh(l-n)C  (10) 

and 

(bTo/dp)  =  -2Qh(l  +Q)C,  (11) 

where  C  is  the  Curie-Weiss  constant.  The  variation 
of  the  reciprocal  susceptibility,  x,  with  hydrostatic 
pressure  in  the  paraelectric  phase  is 

(bxjbp)  =  2Q„(1  +  n).  (12) 

Good  agreement  between  the  experimental  data 
[8,  9)  and  the  predictions  has  been  obtained  for 
the  antiferroelectric  perovskites  PbZrOj  and 

Pb(Mgl/JW1/2)03. 

4.  Experimental  methods  of  measuring 
electrostriction 

As  suggested  in  the  previous  section,  there  are 
several  experimental  methods  for  determining  the 
electrostriction  coefficients.  Direct  measurements 
of  strain  include  optical  methods  (interferometer 
and  optical  lever),  X-ray  methods,  electrical 

methods  (capacitance  and  differential  trans¬ 
former),  and  strain  gauge  methods.  Pressure  gauge 
methods  and  the  pressure  dependence  of  the 
dielectric  permittivity  are  indirect  measurements. 
Some  experimental  measurements  on  the  relaxor 
ferroelectric  perovskite  Pb(Mgi/3Nb2/3)03  are 
discussed  in  the  following  sections. 

4.1.  Strain  gauge  methods  [10] 

Fig.  2  shows  a  strain  gauge  determination  of  longi¬ 
tudinal  electrostrictive  strain  a,  measured  as  a 
function  of  an  applied  electric  field  (0.002  Hz)  at 
various  temperatures  between  —  10  and  +  80'  C. 
Experimental  values  of  the  electrostriction  coef¬ 
ficients  are  plotted  as  a  function  of  temperature  in 
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Figure  2  Electnc  field  depen¬ 
dence  of  the  longitudinal  elec¬ 
trostriction  in  PbfMg,,^,,,)©, 
at  various  temperatures  (Strain 
gauge  methods). 


0  1  2 
Electric  field  (kV  cm'1) 


Fig.  3.  It  is  evident  that  the  electrostriction  coef¬ 
ficients  do  not  change  significantly  through  the 
relaxation  temperature  range 

(Qn  =  2.50(±  0.14)  x  10“2m4C"2, 

Qn  =  -0.96(±0.02)x  10*Jm4C*2). 

4.2.  Pressure  dependence  of 
permittivity  [10] 

Fig.  4  shows  the  variation  of  the  reciprocal  suscep¬ 
tibility  with  hydrostatic  pressure  at  various  tem¬ 


peratures.  The  gradual  increase  in  slope  observed 
for  Pb(Mg,/3Nb2  3)03  with  increasing  temperature, 
can  be  explained  by  the  diffuse  phase  transition 
theory.  Using  Equation  6  the  hydrostatic  electro¬ 
striction  coefficient  Qh  can  be  calculated  as 
0.60(±  0.08)  x  10_2m4C*\  in  good  agreement 
with  the  value  calculated  from  the  direct  electro- 
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Figure  5  Schemalic  diagram  of  the  a.c.  capacitance  dilalometer. 
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strictive  strain  measurements  (Qii  +  2Ql2  = 
0.58(±  0.18)  x  10_1m4C'2). 

4.3.  A.c.  capacitance  dilatometer  [11,12] 

A  new  type  of  ultrasensitive  capacitance  dilat¬ 
ometer  especially  suited  to  low  permittivity  solids 
has  been  constructed  which  is  capable  of  resolving 
low  frequency  a.c.  linear  displacements  of 
10~13m(lCT3A)  (Fig.  5).  To  measure  the  electro- 
striction  coefficient,  an  electric  field  at  7  Hz  is 
applied  to  the  sample  crystal  through  an  oscillator 
amplifier  combination.  This  sets  the  sensing 
capacitor  plate  vibrating  at  14  Hz.  A  phase  locked 
signal  at  KHz  is  then  applied  to  the  standard 
quartz  crystal.  The  lock-in  amplifier  which  is 
phase-locked  to  the  14  Hz  driving  frequency  senses 
any  component  in  the  bridge  output  (capacitance) 
which  is  at  14  Hz  and  in  phase  with  the  driving 
oscillator.  By  manipulating  voltages  applied  to  the 
unknown  and  standard  crystals,  a  null  condition 
can  be  achieved.  The  unknown  coefficient  can 
then  be  derived  from  the  voltage  ratio  and  appro¬ 
priate  geometrical  constants.  Thermal  drift  causes 


a  change  in  the  separation  of  the  capacitor  plates, 
resulting  in  a  d.c.  unbalance  at  the  bridge.  This 
signal  is  determined  by  the  bridge  detector, 
amplified,  and  applied  to  the  lead  zirconate 
titanate  (PZT)  piezoelectric  pushers  to  return  the 
capacitor  plates  to  position.  Because  of  this  servo 
action,  the  bridge  detector  may  be  operated  at 
maximum  sensitivity  without  being  driven  beyond 
its  linear  range. 

The  PbfMg^Nbj/jJOj  ceramic  sample  was 
driven  at  7  Hz  without  applying  a  voltage  to  the 
standard  crystal  (Fig.  6a).  The  expected  quadratic 
relation  between  voltage  and  output  is  clearly 
evident.  Fig.  6b  shows  an  example  of  the  null 
condition.  After  proper  adjustment  of  phase  with 
a  certain  voltage  level  applied  to  the  sample,  the 
output  curve  was  obtained  as  a  function  of  voltage 
applied  to  the  quartz  standard.  Balance  gave  the 
electrostriction  coefficient  Mn  =  8.46  x  10~3du 
(quartz)  or  1.92(±  0.02)  x  10~l&m2V'J,  in  good 
agreement  with  the  value  determined  by  the  strain 
gauge  method  [13]. 
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Figure  6  (a)  Dilatometer  output  as  a  function  of  square  of  driving  voltage  applied  to  Pb(Mg1^lbM)0,  ceramic; sample 
thickness  =  3.68  mm  and  C  =  74.1  pF.  (b)  Null  condition  between  Pb(MglrtNb1(,)0,and  quartz;  PMN  driving  voltage  = 
74.7  Vym,  (7  Hz)  andC  =  74.0pF. 


5.  Electrostriction  in  perovskite  crystals 

Hydrostatic  electrostriction  coefficients  and 
Curie-Weiss  constants  C,  for  several  kinds  of 
perovskite  type  oxide  crystals  are  summarized  in 
Table  I.  Coefficients  are  listed  for  simple,  dis¬ 
ordered,  partially-ordered  and  ordered  feno- 
electrics,  antiferroelectrics,  and  non-polar  dielec¬ 
trics.  Sources  of  the  original  experimental  data  are 
listed  in  references  [6,  10,  14].  The  magnitude  of 
the  electrostrictive  coefficient  is  not  effected 
strongly  by  ferroelectricity,  antiferroelectricity,  or 
non-polar  behaviour,  but  is  very  dependent  on  the 
degree  of  order  in  the  cation  arrangement.  It  is 
proposed  that  “the  electrostrictive  coefficient  Q 
increases  with  cation  order  from  disordered, 
through  partially -ordered,  simple  and  then  ordered 
perovskites”,  is  used  as  an  empirical  rule  i.e.  Rule  I. 
The  decrease  in  the  Curie-Weiss  constant  from  its 


highest  values  in  disordered,  through  partially- 
ordered,  and  simple  and  ordered  perovskites 
is  also  suggestive.  This  leads  to  experimental 
Rule  II,  that  is,  “the  product  of  the  electro¬ 
striction  coefficient,  Q,  and  the  Curie-Weiss  con¬ 
stant,  C,  is  nearly  constant  for  all  ferroelectric  and 
antiferroelectric  perovskites  (Q^C  =  3.1(±  0.4)  x 
103m4C"2K).” 

The  results  of  the  electrostriction  measurements 
on  the  solid  solution  systems  are  also  very  suggest¬ 
ive.  In  the  SrTiOj-Bij/jTiOj  system  [14],  the  sub¬ 
stitution  of  Bi3*  for  Sr2*  causes  a  remarkable 
decrease  in  the  electrostriction  coefficient  from 
Qt,  =  5.0  x  10'2m4C-2  in  SrTi03  to  =  1 3  x 
10'2m4C"2  in  0.856  SrTi03-0.144  Bi^TiOj. 
In  the  systems  Pb(Mg1/3Nb2/3)03-PbTi03  [13] 
and  Pb(MgI/3Nb2/3)03-Pb(Mgi/2W1/j)03  [15], 
the  small  (?h  value  of  Pb(Mg,/3NbJ/3)03  increases 


TABLE  J  Electrostrictive  coefficients,  Curie-Weiss  constants  and  their  product  values  for  various  perovskite-type 
crystals  [6, 10, 14] 


Polar -type 

Order-type 

Substance 

Oh 

C 

OhC 

(X  lO-’m'C-1) 

(X  10s  K) 

(X  lO’m'C-’K) 

'  Disordered 

PbfMg^jNbj^O, 

0.60 

4.7 

2.8 

Pb(Zn1/,NbJ/,)0, 

0.66 

4.7 

3.1 

Partially  ordered 

Pb(Sc,nNb,fl)0, 

0.83 

3.5 

2.9 

Ferroelectric 

Simple 

BaTiO, 

2.0 

1.5 

PbTiO, 

2.2 

1.7 

3.7 

SrTiO, 

4.7 

3.6 

KTaOj 

5.2 

liUI 

2.6 

Partially  ordered 

Pb(F*v,U,„)Oj 

- 

2.3 

- 

Antiferroelectric 

Simple 

PbZrO, 

2.0 

1.6 

3.2 

Ordered 

Pb(Colrt  Wln)0, 

- 

1.2 

- 

PWMg,„W,„)0, 

6.2 

2.6 

Non-polar 

j  Disordered 

1  Simple 

(Kj/4Bi,/4)(Znt/,NbJ/4)0, 

BaZrO, 

0.55-1.15 

2.3 

- 

- 
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Figure  7  Crystal  structure  models  of  the  A(Bj  Bji|fl)0,  type  perovskite:  (a)  ordered  structure  with  a  small  rattling 
space,  and  (b)  disordered  structure  with  a  large  rattling  space,  o  =  ion  and  •  =  Bn  ion. 


with  increasing  PbTi03  or  Pb^Mg^jW,^)^ 
content.  A  larger  rate  of  increase  was  observed  for 
the  Pb(Mg  i/3Nb1/3)03  — Pb(Mg  1/2W  1/2)0  3  system 
than  for  the  Pb(Mg1/3Nb-2/3X^3-PbTi03  system 
because  of  the  tendency  of  Mg  and  W  ions  to  order. 

An  intuitive  crystallographic  model  to  explain 
the  “constant  QC rule”  has  been  proposed.  Fig.  7a 
and  b  show  the  ordered  and  disordered  structures 
for  an  A(BIirtBni  ^03  perovskite  crystal.  Assuming 
a  rigid  ion  model,  a  large  “rattling”  space  is  expected 
for  the  smaller  B  ions  in  the  disordered  structure  be¬ 
cause  the  larger  B  ions  prop  open  the  lattice  frame¬ 
work.  Much  less  “rattling”  space  is  expected  in  the 
ordered  arrangement  where  neighbouring  atoms 
collapse  systematically  ar>und  the  small  B  ions.  The 
densely-packed  structure  of  B  ions  in  the  ordered 
perovskite  illustrated  in  Fig.  7a  has  been  observed 
for  0.9  Pb(Mgl/2W1/J)O3-0.1  Pb(Mgi/3Nb3/3)03  by 
Amin  et  al.  [16].  When  an  electric  field  is  applied 
to  a  disordered  perovskite,  the  B  ions  with  a  large 
rattling  space  can  shift  easily  without  distorting 
the  oxygen  framework.  Larger  polarization  can  be 
expected  for  unit  magnitude  of  electric  field,  in 
other  words,  larger  dielectric  constants  and  larger 
Curie-Weiss  constants.  Also  smaller  strains  are 
expected  per  unit  magnitude  of  polarization, 
resulting  in  lower  electrostriction  coefficients.  On 
the  other  hand,  in  ordered  perovskites  with  a  very 
small  rattling  space,  the  B  ions  cannot  move  easily 
without  distorting  the  octahedron,  A  smaller 
Curie-Weiss  constant  and  a  larger  electrostriction 
coefficient  are  expected. 


6.  Giant  electrostriction  in  relaxor 

ferroelectrics  [13, 17] 

Since  the  magnitude  of  electrostrictive  displace¬ 
ment  under  electric  field  may  be  estimated  from 
the  value  of  Qe2(e  =  permittivity)  or  QC2  (elimin¬ 
ating  the  temperature  dependence),  and  the 
product  QC  is  nearly  constant  for  all  ferroelectric 
perovskites,  relaxor  (disordered)  ferroelectrics 
with  small  electrostrictive  Q  coefficient  but  very 
large  permittivity  (or  Curie-Weiss  constant),  are 
preferred  to  the  usual  perovskites  (e.g.  Pb(Zr, 
Ti)03  or  BaTi03  based  ceramics)  for  practical 
applications. 

The  relaxor  ferroelectric  chosen  for  study  is 
Pb(Mgl/3Nbj/3)03,  which  itself  is  superior  to 
conventional  modified  BaTi03  ceramics  in  its 
electrostrictive  response.  The  response  can  be 
further  improved  if  the  Curie  range,  which  is 
below  room  temperature  in  Pb(Mg1/3NbJ/3)03, 
could  be  shifted  to  a  slightly  higher  temperature. 
In  this  section  the  results  for  a  composition  in 
the  Pb(Mgl/3Nb2/3)03-PbTi03  solid  solution 
series,  0.9  Pb(Mgl/3Nbj/3)O3-0.1  PbTi03  are 
described. 

The  Curie  range  of  this  sample  extends  from 
about  0  to  40°  C,  and  the  room  temperature 
dielectric  constant  is  about  7000  at  1  kHz.  Using  a 
differential  transformer  dilatometer,  the  transverse 
electrostrictive  strain  x2  was  measured  along  the 
length  of  a  thin  ceramic  rod.  subject  to  d.c.  bias 
fields  (£t)  applied  in  a  perpendicular  direction 
(Fig.  8).  The  relaxor  ceramics  are  anhysteretic,  and 
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Figures  T universe  strain  in 
ceramic  specimens  of  (a)  0.9 
Pb(Mg,„Nb1/l)0|  -0.1  PbTiO, 
and  (b)  a  typical  hard  PZT  8 
piezoceramic  under  slowly  vary¬ 
ing  electric  Helds. 


retrace  thq  same  curve  with  rising  and  falling  fields. 
For  comparison  the  piezoelectric  strain  of  a  hard 
PZT  8  under  cyclic  fields  is  also  plotted  in  Fig.  8. 
This  material  has  often  been  used  in  the  fabrication 
of  multi-dither  mirrors  and  other  active  optical 
components  [18].  Field-induced  strains  in  0.9 
Pb(Mg,/3Nb1/3)Oj-0.1  PbTi03  are  larger  than 
those  in  PZT  and  far  more  reproducible  under 
cyclic  drive  conditions.  Transverse  electrostrictive 
strain  is  defined  as  x2=Ql2P]  where  (Jn  is 
the  polycrystalline  (averaged)  electrost fiction 
coefficient  and  P,  the  electric  polarization  induced 
by  an  electric  field  £, .  The  strain  x2  is  plotted  as 
a  function  of  P\  in  Fig.  9.  It  is  evident  that  the 
linear  relation  between  x2  and  P\  is  substantiated 
even  for  hlgh-permittivity  materials  such  as 
0.9  Pb(Mgi/3Nbj/3)03— 0.1  PbTiCV  The  elec- 
trostriction  coefficient  Un  calculated  from  the 
slope  of  the  line  is  —0.9  x  10'Jm4C*2,  which  is 
slightly  smaller  than  other  simple  perovskites.  The 


Figure  9  Field-induced  transverse  strain  in  ceramic  0.9 
Pb(Mg„,Nb„,)0, -0.1  PbTiO,  plotted  against  the  square 
of  the  electric  polarization. 


large  electrostrictive  strains  of  relaxor  ferroelectrics 
can  be  attributed  primarily  to  the  large  dielectric 
constant  rather  than  to  a  big  (electrostrictive) 
coupling  coefficient. 

Another  interesting  property  of  relaxor  ferro¬ 
electrics  is  the  very  small  thermal  expansion  effect 
throughout  the  Curie  range,  as  expected  from 
the  empirical  rule  a 2  <*Q  as  discussed  in 
Section  2.  Fig.  10  shows  the  thermal  strain  of 
05  Pb(Mg,/3NbJ/3)03-0.1  PbTi03  plotted  as  a 
function  of  temperature.  In  the  temperature  range 
—  100  to  +  100’C,  the  thermal  expansion  coef¬ 
ficient  is  less  than  1  x  I0~6K‘l,  comparable  to  the 
best  low-expansion  ceramics  or  fused  silica.  The 
thermal  strains  (Fig.  1 0)  are  far  smaller  than  the 
electrostrictive  strains  (Fig.  8),  which  is  extremely 
advantageous  for  micropositioner  applications, 
since  dimension  changes  caused  by  temperature 
variations  (AL/L  ~  ±  5  x  10'6  for  AT—ilOK) 
can  easily  be  compensated  electrically  (±  200 
Vcm'1  feedback). 


Figure  10  Thermal  expansion  in  polycrystalline  0.9 
Pb(Mg„,Nb,,,)0,  -0.1  PbTiO,. 
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Figure  11  Device  arrangement!  for  mirror  control  application:  (a)  a  multilayer  type  (longitudinal  effect  device)  and 
(b)  a  honeycomb-type  (transverse  effect  device). 


7.  New  mirror-control  devices  [19] 

The  multilayer  technology  used  in  the  capacitor 
industry  is  one  of  the  important  factors  prompting 
the  development  of  new  electrostrictive  devices. 
Fig.  11a  shows  the  basic  internal-electrode  con¬ 
figuration  used  in  displacement  transducers.  The 
electric  field  across  alternate  layers  is  of  opposite 
direction,  but  the  displacive  responses  are  additive. 
In  a  piezoelectric  device  of  fixed  total  thickness, 
the  total  displacement  for  a  given  voltage  is  pro¬ 
portional  to  the  number  of  layers.  On  the  other 
hand,  in  an  electrostrictive  device  the  total  dis¬ 
placement  is  proportional  to  the  square  of  the 
number  of  layers,  more  effective  than  in  a  piezo¬ 
electric  material. 

Intemally-electroded  multiplayer  samples  were 
prepared  by  standard  tape-casting  techniques 
using  calcined  0.9  PbCMg^Nbj/sJOs-O.l  PbTi03 
powder  and  a  commercial  doctor  blade  media 
(Cladan  Inc.,  San  Diego,  CA,  type  B42).  Internal 
electrodes  were  applied  by  screen  printing  platinum 
ink  (Englehard  industries,  East  Newark,  NJ,  type 
E-305-A)  onto  the  dried  cast  tape.  Detailed 
procedures  are  described  in  the  paper  of  Bowen 
et  al  [20].  Ten-layer  devices  with  a  total  thickness 
of  2.5  mm  were  prepared  by  firing  on  platinum 
setters  in  air  at  1000°  C  for  2  h. 

Compared  with  the  electrostriction  data  for 
simple  plate  devices  in  Section  6,  the  strain  of  the 
multilayer  devices  was  smaller  than  expected, 
which  can  be  attributed  to  the  effect  of  the  multi¬ 


layer  configuration.  Two  separate  electrode 
systems  and  the -insulated  electrode  edges  reduce 
the  measured  displacement  [20]. 

Notwithstanding  this  clamping  effect,  a  mirror 
control  device  has  been  constructed  from  ten  ten- 
layer  ceramics  bonded  together.  With  only  200  V 
applied,  the  device  develops  large  displacements  up 
to  AZ,  ~  25  urn  (AL/L  1(T3)  with  very  high 
reproducibility  under  cyclic  fields.  The  dimension 
change  associated  with  a  temperature  variation  of 
1 0  K  was  less  than  0.4  Aim.  With  further  refinement 
of  the  tape  casting  process,  it  is  probable  that  the 
driving  voltage  can  be  further  reduced  to  less  than 
40  V.  The  total  displacement  of  about  25 /im  is  an 
order  of  magnitude  larger  than  that  of  the  com¬ 
mercial  piezoelectric  transducers  [21  ]  (e.g.  PZT-5H, 
25  mm  plate  using  d3i),  and  may  introduce  a  new 
class  of  micropositioner  devices. 

Fig.  11a  and  b  show  the  device  arrangements 
for  practical  mirror-control  applications.  Fig.  11a 
is  an  example  using  the  multilayer  devices  (longi¬ 
tudinal  effect  device)  and  Fig.  1  lb  is  a  honeycomb- 
type  displacement  device  which  is  manufactured 
by  an  extrusion  technique,  and  electroded  inside 
the  tubes  (transverse  effect  device).  Voltages 
applied  to  each  address  (element)  leads  to  localized 
mirror  control. 

8.  Summary 

From  intensive  studies  on  the  electrostrictive 
effects  in  ferroelectric,  antiferroelectric  and  non- 
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polar  perovskites,  several  empirical  rules  have 
been  found: 

(a)  The  magnitude  of  the  electrostrictive  coef¬ 
ficient  Q  is  not  effected  strongly  by  ferroelec- 
tricity,  antiferroelectricity  or  non-polar  behaviour, 
but  is  very  dependent  on  the  degree  of  order  in  the 
cation  arrangement.  The  Q  value  increases  with 
cation  order  from  disordered,  though  partially- 
ordered  to  simple  and  then  ordered  perovskites. 

(b)  The  product  of  the  electrostriction  coef¬ 
ficient  Q  and  the  Curie— Weiss  constant  C  is  nearly 
constant  for  all  ferroelectric  and  antiferToelectric 
perovskites  (QhC  =  3.1  (±  0.4)  x  103  m4  C"J  K). 

(c) The  value  of  the  electrostriction  coefficient 
Q  is  approximately  proportional  to  the  square  of 
the  thermal  expansion  coefficient  a  (a  =  4.2  x 
10"s  fig  5). 

Relaxor  ferroelectrics  offer  several  advantages 
over  normal  piezoelectric  transducers: 

(1)  Large  electrostrictive  strains  comparable  to 
the  best  piezoelectric  ceramics. 

(2)  Excellent  positional  reproducibility. 

(3)  No  poling  is  required. 

(4)  Very  low  thermal  expansion  coefficients. 

Using  the  multilayer  configuration  of  existing 

capacitor  technology  with  the  ceramic  0.9 
Pb(Mgi/3Nbi/3)O3-0.1  PbTi03,  a  mirror  control 
device  which  can  develop  a  large  strain  with  high 
reproducibility,  up  to  A L/L  ~  10"3  when  only 
200  V  is  applied  has  been  developed. 

In  the  inverse  electrostrictive  effect,  that  is, 
the  pressure  dependence  of  dielectric  constant,  a 
sensitive  pressure  characteristic  has  also  been 
observed  in  the  same  material.  Applications  of  this 
electrostrictive  material  for  pressure  gauges,  water- 
depth  meters  and  heavy-weight  detectors  are  also 
very  promising  [22]. 
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The  role  of  B-site  cation  disorder  in  diffuse  phase  transition  behavior  of 
perovskite  ferroeiectrics 
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In  Pb(Sco  5  Ta<, ,  >03  it  has  been  shown  that  the  degree  of  order  in  the  B-site  Sc3  + ,  Ta5  +  cations 
can  be  controlled  by  suitable  thermal  annealing.  For  samples  which  have  been  well-ordered  by 
long  annealing,  dielectric  measurements  on  single  crystals  show  a  normal  first-order  ferroelectric 
phase  change  at  1 3  *C  and  a  maximum  low-temperature  spontaneous  polarization  of  23.0/zc/cm2. 

With  increasing  disorder,  the  crystals  begin  to  exhibit  the  classical  diffuse  phase  transition  of  a 
ferroelectric  relaxor,  whh  a  broad  Curie  range  and  strong  low-frequency  dielectric  dispersion  in 
the  transition  range.  X-ray  diffraction  measurements  of  the  size  of  the  ordered  microregions 
suggest  that  ordering  proceeds  by  different  mechanisms  in  single-crystal  versus  ceramic  samples, 
though  the  resulting  effects  upon  the  dielectric  behavior  are  very  similar. 

PACS  numbers*.  77.80.'—  e,  71.55.Jv 


I.  INTRODUCTION 

Structural  disorder  upon  certain  crystallographic  sites 
has  long  been  believed  to  be  responsible  for  the  diffuse  phase 
transition  (DPT)  in  a  large  group  of  ferroelectric  oxides  of 
complex  composition  with  structures  in  the  perovskite  and 
tungsten  bronze  families.  The  diffuse  phase  transition  is  evi¬ 
denced  in  many  properties  associated  with  the  ferroelectric 
transition:  slow  change  in  dielectric  permittivity,  and  very 
slow  temperature  dependence  of  the  spontaneous  electric 
polarization  in  the  relaxation  range  are  examples  of  the  di¬ 
electric  characteristics. 

It  is  suggested  that  crystals  exhibiting  DPT  can  be 
viewed  as  having  composition  fluctuations  on  a  microscopic 
scale  and  so  of  consisting  of  microvolumes  each  with  slightly 


^^*Pb  #*Sc  0*Ta  **0 

FIG.  1 .  Structure  of  ordered  perovskite  PbfSc^ ,  Tig ,  )0,  [after  Galasso 

<m 


different  Curie  temperature  for  the  onset  of  ferroelectric  po¬ 
larization.  1  The  overall  properties  result  from  the  distribu¬ 
tion  of  the  Curie  temperatures  of  these  individual  microvo¬ 
lumes.  Expressions  for  the  dielectric  properties  have  been 
derived  in  a  statistical  treatment  by  Rolov,2  and  Clarke  and 
Burfoot3  have  expanded  the  model  to  include  a  composition 
dependent  parameter.  The  model  of  Rolov  predicts  success¬ 
fully  the  observed  dielectric  properties  of  ferroelectric  relax- 
ors  such  as  lead  magnesium  niobate  (PMN)  and  lead  zinc 
niobate  (PZN).  but  no  verification  appears  yet  to  have  been 
given  for  the  direct  role  of  composition  fluctuations. 

In  solid  solutions  it  has  been  observed  that  as  the  com¬ 
position  becomes  close  to  that  favoring  a  homogeneous  dis¬ 
tribution,  the  phase  transition  sharpens0  and  an  increase  in 
structural  ordering  could  explain  the  observed  behavior  but 
has  not  been  verified.  A  difficulty  in  the  interpretation  of  all 
earlier  observations  has  been  the  changing  chemical  compo¬ 
sition  accompanying  the  changes  observed  in  the  solid  solu¬ 
tions,  which  makes  unequivocal  interpretation  impossible. 


TABLE  I.  Degree  of  ordering  and  size  of  ordered  domains  for  PST  of  var¬ 
ious  annealing  treatments. 


Approximate  size 

Degree  of  order 

of  ordered 

Material 

Heat  treatment 

(•S) 

domains 

Ceramic  PST 

No  annealing 

0.37 

100  A 

lSminat  1000  "C 

0.46 

200  A 

40  min  at  1000  *C 

0.51 

300  A 

65  min  at  1000 ‘C 

0.59 

750  A 

2  b  al  KXXTC 

0.72 

900  A 

4  hat  1000  "C 

0.80 

>  1000  A 

6h  at  1000  "C 

0.81 

>ioooA 

9  hat  1000  *C 

0.83 

> 1000  A 

24  hat  1000  *C 

0.86 

>ioooA 

103  hat  1000 ‘C 

0.86 

>  iooo  A 

Single-crystal 

PST 

As  grown  0.80 

too  A 

1  hat  1400 *C  0.35 

<100  A 
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TEMPERATURE  (C) 

FIG.  2.  Temperature  dependence  of  dielectric  permittivity  and  dielectric 
lots  at  1  kHz  of  PST  ceramics  with  different  degree  of  order. 

It  has  been  shown6  that  Pb(Sco  s  Ta„  3  )03  (PST)  is  dose 
to  the  limit  of  stability  between  order  and  disorder  for  the  B- 
site  cations,  and  that  the  compound  can  exist  at  room  tem¬ 
perature  with  different  degrees  of  order.  The  influence  of 
changing  order  upon  the  ferroelectric  phase  change  can 
therefore  be  demonstrated  very  clearly  in  PST  without  any 
need  to  change  the  chemistry.  The  results  of  experiments 
upon  both  single  crystal  and  ceramic  samples  with  con¬ 
trolled  degrees  of  ordering  are  presented  in  this  paper. 

II.  EXPERIMENTS 

Samples  of  the  compound  PST  were  prepared  by  react¬ 
ing  stoichiometric  proportions  of  the  mixed  PbO,  Sc203,  and 


-100  -50  0  50  100 

TEMPERATURE  (C) 

FIG.  4.  Temperature  dependence  of  dielectric  constant  and  dielectric  loss 
or  ordered  (S  m  0.80)  and  disordered  (S  m  0.3  J)  single  crystals  at  (a)  1  kHz, 
(b)  10  kHz,  (c)  100  kHz,  (d)  1000  kHz. 


Nb2Oj.  The  mixture  was  ball  milled  under  alcohol  to  achieve 
intimate  mixing,  then  fired  for  2  h  at  800  *C.  The  resulting 
cake  was  reground,  pressed  into  pellets,  and  refired  at 
1 300  *C  for  1  h.  Powder  x-ray  diffraction  of  this  reacted  pow¬ 
der  showed  a  simple  cubic  perovskite  structure  with  very 
small  traces  of  a  pyrochlore  phase  present. 

To  prepare  ceramic  disks  for  dielectric  studies,  the 
reacted  powder  was  ground  again  to  pass  No.  400  mesh  and 
pressed  into  3/8-in-diam  pellets,  using  a  small  amount  of 
polyvinyl  alcohol  as  a  binder.  The  pellets  were  then  sintered 
at  1560  ’C  in  a  closed  alumina  crucible  using  extra  PST  pel¬ 
lets  with  20  wt.  %  added  PbO  to  maintain  a  PbO-rich  atmo- 
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TEMPERATURE  (C) 

FIG  3.  Frequency  dispersion  of  dielectric  permittivity  and  dielectric  loss  of 
(a)  mostly  ordered  (5  =»  0.83)  ceramic  and  (b)  disordered  ( S  «■  0.40) 
ceramic. 
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TEMPERATURE  ("C) 

FIG.  3.  Thermal  hysteresis  of  an  ordered  crystal  (I  kHz). 


N.  Setter  and  L.  E.  Cross 


I  4 

1  > 

.  a  - 

1  '  v  6 

1  v  ^ 

|  *s  v:  - 

1  '•  *.  ' 

1 

0  * ”  *  \  .. 

*  -  .  r*  *  •  N 

*  *  "  "...  »  .*  •• 

•  ,  *  »  -V 

•  **  i 

•  i  *.  1 

:  »*’.  '  j*  'I 
»  *  •  *  1 

1 

_  -.  «*-  • 

1  -  • 

-  r  .  y  1 

1  A  -.  •  %  . 

’  >  •  *-■-  •  I 

' \ . .  r  *  1 

1  s 

'  1 

1  ^ 

1  i 

1  ■ 

■ 

■  w&t 

-  *  -  T  \<\  *  *** 

1 

*.  *  >.  1 

W-  ‘  . 

*  r  I 

^  1 

FIG.  6.  Dielectric  hysteresis  of  disordered  PST  single  crystal,  (a)  -58  'C,  (b)  -48  ’C,  (c)  —40  "C,  (d)  —20  *C. 


sphere  during  firing.  By  this  technique,  weight  loss  during 
firing  was  kept  to  less  than  2.5%,  and  final  densities  in  the 
range  94-97%  theoretical  were  achieved. 

To  establish  the  required  degree  of  ordering,  pellets 
were  sliced  and  annealed  at  1000  *C  for  different  lengths  of 
time  in  the  range  from  10  min  to  100  h.  The  degree  of  order¬ 
ing  and  the  size  of  the  ordered  domains  were  established  by 
x-ray  diffraction.  In  PST,  ordering  places  Sc1  *  and  Ta5  * 
ions  on  adjacent  B  sites  in  a  three-dimensional  array,  leads  to 
an  effective  doubling  of  the  a  parameter  of  the  original  per- 
ovskite  cell  (Fig.  1),  and  thus  to  the  appearance  of  superlat- 
tice  lines  in  the  x-ray  diffractograms.  The  degree  of  ordering 
was  determined  by  calculation  from  the  ratio  of  the  integrat¬ 
ed  intensities  of  pairs  ofbase  and  superlattice  reflections,  and 
the  ordered  domain  size  determined  by  the  broadening  of  the 
superlattice  reflections  with  respect  to  the  base  lattice  peaks. 
These  data  are  summarized  in  Table  I  It  should  be  noted 
that  the  degree  of  ordering  achieved  is  not  just  a  function  of 
the  annealing  time  from  the  initial  high-temperature 
quenched  state,  but  does  depend  in  a  complex  manner  upon 
the  previous  thermal  history  of  the  individual  sample.  In 
these  annealing  studies  no  change  was  detected  in  the  lattice 
spacing  between  ordered  and  disordered  states. 

4358  J.  Appl,  Phys.,  Vol.  51.  No  8,  August  1980 


Single  crystals  for  dielectric  study  were  grown  by  a  flux 
technique  which  has  been  described  elsewhere.8  In  the  as- 
grown  condition,  the  B-site  cations  are  well  ordered.  To  es¬ 
tablish  a  disordered  condition,  crystals  were  heated  to 
1400  *C  and  air  quenched.  Stoichiometry  of  the  single  crys¬ 
tals  was  checked  both  before  and  after  heat  treatments  using 
energy  dispersive  x-ray  spectroscopy,  and  no  stoichiometry 
change  was  detected. 

Dielectric  permittivity  and  loss  tangent  under  weak  ac 
fields  were  measured  at  frequencies  of  1,  10,  100,  and  1,000 
kHz  using  a  Hewlett  Packard  4270  A  automatic  capacitance 
bridge  under  full  program  control  in  a  HP9825  bus-con¬ 
trolled  system.  The  sharpening  of  the  permittivity  versus 
temperature  curves  measured  at  1  kHz  as  a  function  of  in¬ 
creasing  order  of  B-site  cations  is  clearly  evident  in  Fig.  2. 
The  strong  control  of  the  degree  of  ordering  upon  the  dielec¬ 
tric  dispersion  in  the  transition  region  is  evident  in  Fig.  3, 
which  contrasts  the  behaviors  of  disordered  and  highly  or¬ 
dered  ceramics.  Weak-field  permittivity  data  for  single-crys¬ 
tal  PST,  measured  with  the  E  field  applied  along  (001)  is 
shown  in  Fig.  4.  Again  the  highly  dispersive  character  of  the 
broadened  transition  in  a  35%  ordered  sample  is  contrasted 
with  the  sharp  transition  in  a  crystal  with  80%  ordering.  The 
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FIG.  7.  Dielectric  hysteresis  of  ordered  PST  single  crystal,  (a)  0  'C  (b)  7  * C,  (c)  S  *C,  (d)  1*  *C. 


first-order  nature  of  the  transition  in  the  well-ordered  crystal 
is  further  suggested  by  the  obvious  thermal  hysteresis  be¬ 
tween  heating  and  cooling  curves  (Fig.  5). 

High-field  behavior  was  explored  using  a  balanced  Saw¬ 
yer-Tower  Bridge.  The  dielectric  hysteresis  in  the  disordered 
single  crystal  shows  the  characteristic  rounded  curves  and 
slow  saturation  for  temperatures  in  the  transition  range 
[Figs.  6(a)-6(d)]  in  contrast  to  the  sharp  square  lower  coerci- 
vity  behavior  of  the  highly  ordered  crystals  [Figs.  7(a)-7(d)]. 
The  P,  values  obtained  by  extrapolation  of  the  saturation 
arms  of  the  loops  are  shown  in  Fig.  8,  where  the  major  shift 
in  Curie  temperatures  which  accompanies  ordering  in  the 
monocrystal  is  clearly  evident,  as  is  the  sharper  transition  in 
the  ordered  sample. 

III.  DISCUSSION 

The  dielectric  properties  of  the  disordered  crystals  and 
ceramics  of  PST  show  all  the  characteristic  features  of  a  fer¬ 
roelectric  with  DPT:  (i)  The  dielectric  peaks  are  rounded  in 
the  e  versus  T  curves;  (ii)  the  temperature  of  peak  permittivi¬ 
ty  shifts  up  with  increasing  frequency;  (iii)  strong  dispersion 
in  the  radio  frequency  range  occurs  over  the  transition  re¬ 
gion;  (iv)  rounded  dielectric  hysteresis  curves  exhibit  slow 
saturation  and  large  effective  coercivity. 


With  enhanced  B-site  cation  ordering,  however,  crys¬ 
tals  of  the  same  composition  show  classical  sharp  transition 
behavior:  (1)  very  sharp  dielectric  peaks,  (2)  almost  no  shift 
of  Tm  with  frequency,  (3)  thermal  hysteresis,  and  (4)  square 
loops  with  low  coercivity. 

The  dielectric  behavior  is  qualitatively  similar  between 
ceramic  and  single  crystals,  and  it  is  clear  that  the  disorder 
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FIG.  8.  Spontaneous  polarization  for  ordered  (1)  and  disordered  (2)  single 
crystals. 
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which  contributes  the  local  composition  fluctuations  re¬ 
sponsible  for  the  dispersion  behavior  is  on  a  scale  which  is 
much  below  the  ceramic  grain  size.  The  maximum  P ,  value 
-  20  fiC/cm'  is  reasonable  for  a  ferroelectric  perovskite  ox¬ 
ide  with  rc~13  *C. 

A  major  difference  between  the  ceramic  and  single¬ 
crystal  samples  appears  to  exist  in  the  mode  by  which  the 
Sc:Ta-cation  ordering  occurs  under  thermal  annealing.  In 
the  ceramic  it  is  evident  from  Table  I  that  the  ordered  do¬ 
mains  expand  continuously  in  size  up  to  macroscopic  dimen¬ 
sions  with  continuous  heat  treatment.  In  the  single  crystal, 
however,  the  domain  sizes  are  always  small  even  in  the  high¬ 
ly  ordered  crystal 

Altogether,  the  dependence  of  DPT  on  positional  disor¬ 
der  has  been  demonstrated  unequivocally  for  perovskite  fer¬ 
roelectric  relaxors,  using  PST  as  a  suitable  example.  Indeed, 
the  effect  of  other  parameters  such  as  thermal  fluctuations, 


defects,  and  internal  stresses  cannot  be  inferred  from  the 
above  experimental  results.  However,  the  results  strongly 
support  the  model  of  compositional  fluctuation  as  correctly 
describing  the  diffused  phase  transition  in  ferroelectric 
relaxors. 

This  work  was  supported  by  the  Office  of  Naval  Re¬ 
search,  Contract  No,  N00014-78-C-0291. 
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Abstract 

It  has  often  been  suggested  that  the  higher  frequency  dispersion  (f  ^  10^  ^ 

O 

10  Hz)  evident  in  the  dielectric  response  of  high  permittivity  ferroelectric 
ceramics  might  be  associated  with  piezoelectrical ly  driven  resonant  mechanical 
motion  of  individual  grains.  The  hypothesis  certainly  appears  reasonable,  but 
so  far  no  direct  verification  appears  to  have  been  attempted.  Our  discovery 
that  the  individual  crystallite  resonances  are  well  preserved  in  poled  LiNbOg 
bicrystals  suggested  that  we  explore  the  dispersion  of  LiNbO^  ceramics.  In 
both  conventionally  sintered  and  uniaxial ly  hot  pressed  ceramics,  the  dielectric 
dispersion  around  10  Hz  has  obvious  resonant  character.  Using  a  modified  ECAP 
computer  program  we  are  able  to  demonstrate  that  both  the  real  and  imaginary 
components  of  the  impedance  can  be  quantitatively  described  using  the  equivalent 
circuit  models  for  the  coupled  individual  grain  resonances. 

I.  Introduction 

The  nature  of  the  high  frequency  dispersion  around  10^-10^  Hz  in  the 

dielectric  response  of  ferroelectric  ceramics  has  been  studied  since  late  1940 

and  early  1950s.  Powles  and  Jackson^  observed  a  decrease  in  the  real  part  of 

the  permittivity  e1  in  the  region  below  10^  Hz  in  BaTiO^  ceramics.  This  was 

2 

later  confirmed  by  Von  Hippel  and  other  authors.  Frequency  dependence  of  e'  and 

the  dielectric  loss  tangent  were  also  found  in  polydomain  single  crystals  of 
3  4 

barium  titanate  ’  .  The  presence  of  high  frequency  dielectric  dispersions  in 
solid  solutions  of  (Ba.SrjTiO^,  PbUrjTijO^  and  other  commercial  ferroelectric 

ceramics  was  also  presented^. 
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Several  theoretical  attempts  have  been  made  to  explain  the  high  frequency 
dispersion  of  ferroelectrics. 

Von  Hippel  expressed  the  opinion6  that  the  decrease  in  e'  was  not  given  by  an 
internal  polarization  mechanism.  He  explained  it  by  a  piezoelectric  resonance  of 
the  crystal  grains  in  the  ceramic.  Mason  and  Matthias7  related  the  dielectric 
dispersion  to  the  relaxation  of  titanium  ions  between  different  potential  minima 
in  the  cell  of  the  crystal  based  on  their  model  of  potential  minima  of  the  Ti  ion. 

O 

Ginzburg  explained  the  decrease  of  permittivity  by  the  dispersion  of  ionic 

9 

polarization  corresponding  to  the  Ba  ions.  Kittel  believed  that  the  resonance 
of  domain  walls  led  to  a  decrease  in  e'  of  substances.  The  early  efforts 
in  explaining  of  the  high  frequency  dispersion  were  summarized  by  Fousek4,10. 

His  analysis  showed  that  neither  the  concept  of  piezoelectric  resonance  of  the 
crystal  grain  in  a  ceramic  nor  the  theory  of  ionic  dispersion  led  to  agreement 
with  experiment. 

The  discussion  of  the  high  frequency  dielectric  dispersion  of  ferroelectric 
ceramics  and  crystals  is  extending  to  recent  years.  Turik  et  al.  published 

c  n  1?  o 

several  papers  on  this  subject  ’  ’  .  They  related  the  dispersion  in  the  10 

range  for  polycrystalline  materials  to  the  relaxations  of  loosely-coupled 

5 

charges  screening  the  spontaneous  polarization  .  But  in  recent  papers  they 

7  8 

found  that  the  high  frequency  dielectric  spectra  around  10  -10  Hz  of  poly¬ 
domain  single  crystals  was  dominated  by  the  piezoelectric  resonance  of  indivi¬ 
dual  domains.  They  believed  that  in  polycrystalline  ceramics  the  piezoelectric 
domain  oscillations  also  should  contribute  to  the  dielectric  dispersion  in  the 
higher  frequency  band. 

The  hypothesis  of  piezoelectrically  driven  resonant  mechanical  motion  of 
individual  grains  in  ferroelectric  ceramics  suggested  by  Von  Hippel  certainly 
appears  resonable,  but  so  far  no  direct  verification  appears  to  have  been  attempted. 


Lithium  niobate  ceramics  present  an  unique  chance  to  examine  the  piezo¬ 
electric  grain  resonance  phenomenon.  LiNbO^  can  be  thermally  bonded  below 
its  Curie  temperature.  Only  180°  domains  exist  in  LiNbO^-  There  are  no  90° 

domains.  Therefore  the  frequency  of  domain  resonance  can  be  related  directly 

13 

to  the  grain  size.  In  early  studies  ,  we  discovered  that  in  LiNbO-j  bicrystals 

linked-type  bicrystal  resonate  as  a  whole,  while  the  individual  wafers  of 

encountering- type  bicrystal  resonate  separately.  This  suggests  that  in  LiNbOg 

ceramics  grains  resonate  either  separately  or  cooperatively.  The  resonant 

frequency  depends  on  both  grain  size  and  grain  orientation.  It  is  evident  that 

the  grain  resonance  should  influence  the  dielectric  spectra  of  the  LiNbO^ 

8 

ceramic  sample.  We  do  find  a  marked  dielectric  dispersion  around  10  Hz,  which 
exhibits  obvious  resonant  characters  in  both  conventionally  sintered  and 
uniaxially  hot  pressed  ceramics.  Using  a  modified  ECAP  computer  program,  we 
are  able  to  demonstrate  that  both  real  and  imaginary  components  of  the  impendance 
can  be  quantitatively  described  using  the  equivalent  circuit  models  for  the 
coupled  individual  piezoelectric  grain  resonances. 

II.  Sample  Preparation 

Lithium  niobate  ceramics  are  made  from  calcined  powder  and  flux  grown 
powder.  Calcined  LiNbC^  powder  is  prepared  by  ordinary  ceramic  processes. 

Li 2CO3  and  Nb^O^  in  equal  mole  fraction  are  mixed  for  8  hrs  and  then  calcined 
at  950°C  for  1  hr.  Flux-grown  LiNbO^  powder  is  crystallized  from  a  mixture  of 
salts.  L i Cl  and  KC1  in  equal  mole  fraction  are  used  as  flux.  Li^CO^  and  Nb^O^ 
are  mixed  in  a  ball  mill  with  salts  for  8  hrs,  and  then  heated  at  950°C  for  1  hr. 

X-ray  diffraction  patterns  of  both  calcined  powder  and  flux-grown  powder 
are  the  same  as  the  JCPOF  standard  pattern  for  LiNbO-j.  No  extra  diffraction 
peaks  have  been  found. 

The  average  size  of  calcined  powder  estimated  from  SEM  pictures  is  around 
1-10"®  m  with  irregular  shapes.  The  average  size  of  flux-grown  powder  is  around 


5-10  m  with  regular  crystal  shape,  as  shown  in  Figure  1. 

Both  ordinary  sintering  and  uniaxial  hot  pressing  are  used  to  prepare 

ceramic  samples.  The  sintering  temperature  is  around  1080°C.  A  uniaxial  com- 

6  2 

pressive  stress  of  10  n/m  is  used  for  hot  pressing.  The  sintering  of  LiNbO^ 
ceramic  is  rather  difficult.  The  sintering  temperature  range  is  very  narrow. 
Higher  temperature  causes  serious  recrystall ization  to  form  very  large  crystal 
grains.  An  SEM  picture  of  LiNbO^  ceramics  is  shown  in  Figure  1. 

III.  Experimental  Measurement 

The  measurements  of  high  frequency  dielectric  spectra  of  lithium  niobate 
ceramics  were  carried  out  within  the  frequency  range  of  1-1000  MHz  at  room 
temperature.  The  HP  41 91 A  RF  impedance  analyzer  was  used  over  this  frequency 
range.  In  order  to  get  more  accurate  results,  measurements  were  divided  into 
three  bands:  1-10,  10-100,  100-1000  MHz.  The  impedance  analyzer  was  calibrated 
in  each  band  by  On,  0  S,  and  50  n  standards  at  51  frequency  calibration  points 
arranged  in  logarithm  steps  just  before  the  measurement  runs.  The  measuring 
points  and  the  calibration  points  are  the  same.  Reproducibility  of  measurements 
is  quite  good. 

Figure  2  is  the  dielectric  spectrum  of  a  LiNbO^  ceramics  from  calcined 
powder  produced  by  conventional  sintering.  There  is  a  very  high  dielectric 

O 

dissipation  peak  around  3.35-10  Hz.  In  the  same  frequency  range  the  dielectric 
constant  K  increases  slightly  at  first  and  then  drops  down  quickly  as  the  fre¬ 
quency  rises.-  Hot  pressing  shifts  the  loss  peak  to  higher  frequency  and  narrows 
its  band  width  as  shown  in  Figure  3.  The  dielectric  spectrum  of  LiNbO-j  ceramics 
prepared  by  flux-grown  powder  has  similar  characteristics.  In  this  case,  the 

Q 

loss  peak  appears  around  7-10  Hz. 
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IV.  Evidence  of  Grain  Resonance 

O 

Strong  evidence  suggests  that  the  huge  loss  peak  around  10  Hz  range  ori¬ 
ginates  from  grain  resonance  in  LiNbO^  ceramics. 

The  dielectric  spectra  of  LiNbO^  ceramics  as  shown  in  Figure  2  and  3  have 
the  similar  characteristics  of  the  piezoelectric  resonant  spectra  of  LiNbO^ 
single  crystal  and  bicrystal  as  shown  in  Figure  4.  The  spectra  of  single 
crystal  and  bicrystal  are  mostly  governed  by  piezoelectric  resonance  of  longi¬ 
tude  thickness  mode  from  d33  coupling.  The  resonant  nature,  is  clearly  shown. 

In  the  resonant  frequency  band  the  capacitance  increases  at  first  and  then 
drops  down  to  the  clamped  value,  while  the  dissipation  factor  passes  through 
its  maximum.  The  dielectric  constant  of  LiNbO^  ceramics  also  exhibits  a  slight 
increase  and  then  a  big  drop  -  down  around  the  loss  tangent  maximum.  Therefore, 
the  spectrum  of  LiNbO^  ceramics  is  closer  to  a  resonant  process  than  to  a  relaxa¬ 
tion  process. 

The  result  of  piezoelectric  effect  in  LiNb03  bicrystal  reveals,  that  in 
encountering  bicrystals,  crystal  wafers  always  resonate  separately.  The  bicry¬ 
stal  sample  in  Figure  4  was  made  from  the  same  wafers  as  the  single  crystal 
sample.  Despite  the  fact  that  the  bicrystal  is  twice  as  thick  as  the  single 
crystal,  they  have  almost  the  same  fundamental  and  overtone  resonant  frequencies. 
This  suggests  that  the  crystal  wafers  of  the  bicrystal  must  vibrate  separately. 
The  frequency  constant  of  thickness  vibration  mode  of  single  crystal  and 

3 

bicrystal  of  LiNb03  is  3.84-10  M-Hz.  Since  the  loss  tangent  maximum  of  LiNb03 

8  8 

ceramics  appears  at  3-10  -7-10  Hz,  the  average  grain  size  of  LiNb03  ceramics 
calculated  from  the  frequency  constant  should  be  around  5.5-12-10"®  M.  This 
value  is  consistent  with  the  SEM  picture  of  the  LiNb03  ceramics. 

As  mentioned  above,  the  loss  peak  of  hot  pressed  ceramics  shifts  to  a 
higher  frequency.  From  the  point  of  view  of  grain  resonance,  it  can  be  easily 
understood.  Since  the  hot  pressed  ceramics  exhibit  a  smaller  grain  size  and  a 
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narrower  size  distribution,  the  shift  and  the  shrinkage  of  the  loss  peak  is  the 
logical  consequence  of  hot  pressing. 


V.  Equivalent  Circuit  Model  of  Grain  Resonance 
It  is  possible  to  estimate  the  dielectric  spectrum  of  LiNbOg  ceramics  based 
on  the  concept  of  grain  resonance.  The  result  is  quite  close  to  the  experimental 
data.  Figure  5  is  the  equivalent  circuit  of  a  LiNbOg  grain  around  its  resonant 
frequency.  The  series  branch  L-j ,  C-| ,  R-j  represents  the  mechanical  resonance  of 
the  grain,  where  R-j  represents  the  mechanical  damping  of  vibration.  The  parallel 
branch  Cg  represents  the  clamped  high  frequency  capacitance  of  the  grain.  The 
value  of  these  components  can  be  related  to  grain  size,  grain  orientation  and 
material  constants.  As  a  first  approximation,  assume  a  cubic  grain,  then  the 
value  of  these  components  are  given  as  below: 
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where  d  is  the  grain  size,  and  are  dielectric  constant  under  constant 
stress  and  constant  strain  respectively,  is  the  mechanical  compliance  of 
LiNbO^  crystal  under  constant  electric  field,  p  is  the  density,  e0  is  the 
permittivity  of  free  space,  0  is  the  damping  factor  of  mechanical  resonance. 

CQ,  C1  and  are  all  linear  functions  of  grain  size  d,  whereas  R^  is  independ¬ 
ent  of  grain  size. 

The  resonant  frequency  f  of  grain  is  given  as, 

fr  = 

Figure  6  is  the  relation  between  fr  and  d  (through  d^  coupling), 


(5) 


The  IBM  1620  Electric  Circuit  Analysis  Program  (ECAP)  is  designed  to  calcu¬ 
late  the  DC,  AC  and  the  transient  response  of  any  linear  electrical  network 
with  up  to  twenty  nodes.  Using  a  modification  of  ECAP  it  is  possible  to  calcu¬ 
late  both  real  and  imaginary  components  of  the  impedance  for  a  number  of  piezo¬ 
electric  equivalent  circuits  connected  to  represent  the  coupled  resonant  behavior 
of  grains  of  different  size  and  orientation  in  a  ceramic.  For  a  given  block  of 
elements  with  up  to  twenty  nodes,  ECAP  can  be  used  at  a  fixed  frequency  to 
calculate  a  single  equivalent  circuit  and  by  iteration  at  a  sequence  of  fre¬ 
quencies  the  different  equivalent  at  each  frequency  can  be  found.  Repeating 
this  procedure  for  twenty  more  blocks,  the  equivalents  may  then  be  folded 
together  using  ECAP  to  define  a  new  fixed  frequency  equivalent  at  each  frequency 
for  the  20x20  block. 

Using  the  block  by  block  procedure  described  above,  a  series  of  simplified 
models  which  break  the  grain  size  distribution  into  a  sequence  of  parallel 
connected  block  distributions  have  been  solved,  and  with  increasing  detail  in 
the  model  approach  closely  to  the  observed  relaxation  spectra. 

From  these  model  studies,  it  becomes  clear  that  the  dominant  features  of 
the  effective  permittivity  and  loss  are  in  major  part  controlled  by  the  majority 
of  grains  near  the  peak  of  the  grain  size  distribution  in  this  case  in  the  range 
4-6  10"°  M  size  giving  the  possibility  of  a  much  simplified  approach. 

In  the  simplified  calculation  44.4%  of  the  volume  is  assumed  to  contain 
cubic  encountering  type  (head  to  head)  grains  with  orientation  of  polar  c  axis 
occurring  with  equal  probability  along  1,  2,  and  3  direction.  To  obtain  effective 
mixing  grains  with  different  orientation  are  assumed  to  be  connected  in  series 
and  in  parallel  respectively,  and  then  the  two  blocks  connected  in  parallel. 

For  the  remainder,  33.3%  of  the  volume  is  assumed  to  be  in  larger  or  link  type 
grains  where  resonant  frequency  is  below  and  outside  the  band  of  interest  and 


22.3%  are  assumed  to  be  small  or  encountering  types  with  resonances  above 
the  band  of  interest. 

In  each  case  these  blocks  can  be  represented  by  single  capacitors  whose 
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permittivities  are  controlled  by  e  and  e  respectively.  For  the  5  y  meter 
grains  only  longitudinal  vibrations  along  2  and  3  directions  and  shear  vibra¬ 
tions  about  the  2  axis  are  taken  into  account.  The  mechanical  damping  factor 
D  in  Equation  4  is  taken  to  be  larger  than  in  the  single  crystal  to  take  account 
of  the  mutual  intercoupling.  Apart  from  this  adjustment,  unperturbed  single 
crystal  parameters  are  used  for  all  calculations. 

The  model  structure  and  its  equivalent  circuit  are  given  in  Figure  7,  and 
the  calculated  response  for  the  model  compared  to  experiment  in  Figure  8. 

VI.  Discussion 

From  the  block  calculations,  by  using  the  folding  method  in  the  ECAP 
computer  program  it  is  possible  to  calculate  the  impedance  of  very  complex 
series  and  parallel  interconnection  of  equivalent  resonator  circuits.  The 
results  of  such  detailed  simulation  show  that  the  mixing  of  series  and  parallel 
connections  smooths  out  the  very  sharp  single  grain  resonance  so  that  the 
overall  response  becomes  dominated  by  grains  of  the  mean  grain  size,  padded 
by  the  off  resonant  response  of  the  smaller  and  larger  fractions.  Anisotropy 
of  the  individual  grain  response  in  itself  contributes  a  spreading  of  the 
elementary  resonances  and  permits  a  much  simplified  model  to  describe  the 
impedance  with  fair  quantitative  accuracy. 

Relative  independence  of  the  result  upon  the  fine  detail  of  the  model 
structure  gives  confidence  that  piezoelectric  resonance  is  the  major  contri¬ 
butor  to  the  high  frequency  dielectric  dispersion  in  LiNbO^. 

The  attempt  to  apply  similar  models  to  the  perovskite  dielectrics  based 
on  BaTiOn  must  be  tempered  by  the  much  more  complicated  domain  structure  in 


such  unpoled  ceramics.  Clearly,  one  90°  twin  wall  across  the  body  diagonal  of 
a  cubic  grain  will  make  a  continuous  change  in  length  of  the  effective  resonant 
element  from  the  grain  size  down  to  zero,  with  a  corresponding  spreading  of  the 
dispersive  region.  Based,  however,  on  the  clear  evidence  of  the  major  piezo¬ 
electric  contribution  to  dispersion  in  the  LiNbO^  ceramic,  it  is  probable  that 
the  higher  piezoelectric  coupling  in  the  titanate  will  also  contribute  strongly 
to  high  frequency  dispersion.  For  the  perovskite  families  an  interesting  experi¬ 
ment  would  be  to  compare  dispersion  in  ferroelectric  and  antiferroelectric  species 
of  similar  permittivity  level  since  in  the  latter  type  no  piezoelectric  effect 
can  occur. 


VII.  Summary 

1.  The  dispersion  of  dielectric  constant  and  the  huge  peak  of  loss  tangent 

Q 

of  LiNb03  around  10  Hz  originate  from  the  coupled  individual  grain  resonance. 

2.  For  coupled  individual  grain  resonances,  the  frequency  dependence  of 
both  real  and  imaginary  components  can  be  quantitatively  simulated  by  using  a 
modified  ECAP  program  and  the  piezoelectric  equivalent  circuit  model. 
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The  shape-memory  effect  in  PLZT  (Lead  Lanthanum  Zirconate  Titanate)  ceramics  with  com¬ 
position  .r/65/35  (4.0  <,  x  <.  8.0)  has  been  investigated  using  bending  experiments  and  tem¬ 
perature  cycling.  Relationships  between  load  and  the  degree  of  bending,  together  with  their 
temperature  dependence,  have  been  determined,  and  characteristic  temperatures  associated 
with  the  onset  and  disappearance  of  the  pseudo-plastic  shape  change  arc  compared  with  the 
observed  dielectric  anomalies.  Effects  of  mechanical  stress  and  electric  field  on  the  shape- 
memory  temperatures  and  the  magnitude  of  strain  have  also  been  investigated.  It  is  concluded 
that  domain  alignment  and  the  temperature-dependence  of  spontaneous  strain  are  important 
factors  governing  the  shape-memory  effect  in  ferroelectrics.  Preferred-orientation  effects  have 
been  confirmed  by  X-ray  diffraction  analysis. 


1  INTRODUCTION 

The  recovery  of  a  plastically  deformed  material  to  its  original  shape  by 
heating  is  called  the  shape-memory  effect.  This  effect  has  been  extensively 
studied  in  metallic  alloys  and  is  generally  associated  with  martensitic 
phase  transformations  (Warlimont,  1976;  Delaey,  Krishnan,  Tas,  and 
Warlimont,  1974).  Phase  transformations  in  ferroelectric  materials  are  not 
martensitic,  but  Schmidt  and  Boczek  (1978)  observed  apparently  similar 
effects  in  PLZT  ceramics.  Details  of  the  phenomena  occurring  in  PLZT  are 
not  clear. 

Applications  for  PLZT  ceramics  include  a  number  of  different  optical 
devices  (Haertling  and  Land,  1971;  Maldonado  and  Meitzler,  1970,  1971; 
Maldonado  and  Anderson,  1971).  The  materials  of  interest  are  convention¬ 
ally  referred  to  in  the  x/y/z  notation,  where  x  gives  the  atomic  percentage  of 
La  and  y/z  is  the  Zr  to  Ti  ratio.  Attention  has  generally  been  concentrated 
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on  materials  of  composition  x/65/35.  Those  with  x  >  4.5  exhibit  an  in¬ 
teresting  phenomenon  called  penferroelectricity  (Mcitzler  and  O'Bryan, 
1973),  quasi-ferroelectricity  (Carl  and  Geisen,  1973)  or  P  -*  at  phase  trans¬ 
formation  (Keve  and  Annis,  1973).  PLZT  specimens  with  x  =  8.0  show 
relaxor  behavior  with  a  diffuse  phase  transition. 

This  paper  describes  the  shape-memory  effect  in  PLZT  ceramics  with  La 
concentrations  between  4.0  and  8.0  at.  %.  Because  of  their  simplicity, 
bending  experiments  were  used  to  investigate  the  shape  change.  The  effects 
of  stress  and  La  content  on  the  magnitude  of  bending  strain,  and  on  the 
memory  effect  were  determined.  The  characteristic  temperatures  associated 
with  the  shape-memory  effect  were  compared  with  the  dielectric  anomalies, 
and  it  was  concluded  that  ferroelectric  domains  are  the  main  cause  of  the 
shape-memory  effect  in  ferroelectric  ceramics. 

2  EXPERIMENTAL 

Five  hot-pressed  PLZT  ceramic  wafers  with  compositions  x/65/35  (x  =  4.0, 
6:5,  7.0,  7.5  and  8.0)  were  obtained  from  Dr.  William  Harrison  at  Honeywell 
Inc.  The  wafers  were  cut  and  polished  into  rectangular  bars  of  width  2  mm, 
thickness  0.35  mm  and  length  15  mm.  and  then  annealed  at  600°C  for  15  h. 

Bending  experiments  were  used  to  measure  the  shape  change.  The 
specimen  was  positioned  on  two  knife-edge  supports  separated  by  12  mm, 
and  surrounded  by  a  small  brass  box.  A  heater  placed  under  the  box  could 
raise  the  temperature  up  to  270°C,  as  measured  by  a  thermocouple  positioned 
near  the  sample.  One  end  of  a  glass  rod  was  placed  at  the  center  of  the  sample 
and  the  other  end  attached  to  a  dilatometer  probe.  Movement  of  the  probe 
was  measured  with  a  differential  transformer.  To  apply  load  to  the  sample, 
lead  weights  were  placed  on  a  shelf  attached  to  the  glass  rod. 

The  sample  was  healed  to  a  selected  temperature  above  the  Curie  tem¬ 
perature,  and  the  load  was  then  applied.  The  sample  was  then  cooled  to 
room  temperature  under  constant  load.  At  room  temperature  the  load  was 
removed  (except  for  the  8.6  g  weight  of  the  measurement  probe)  and  the 
sample  was  then  reheated.  During  the  reheating  cycle,  the  glass  rod  and 
dilatometer  probe  maintained  contact  with  the  sample  to  measure  the 
amount  of  bending. 

Stress  and  strain  were  calculated  assuming  a  circular  arc.  Since  both 
stress  and  strain  are  functions  of  position  throughout  the  cross-section  of 
the  bar,  the  calculated  values  are  for  the  maximum  stress  and  strain  present 
on  the  outside  surface  of  the  bar. 

Dielectric  properties  were  measured  at  frequencies  of  1,  10,  100  and  1000 
kHz.  The  major  face  of  the  bar  was  electroded  by  Au-evaporation  and  poled 
with  a  DC  field  of  15  kV/cm  at  room  temperature.  Dielectric  constant  and 
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loss  factor  were  measured  by  a  capacitance  bridge  at  a  constant  heating 
rate  of  27mm. 

The  samples  with  x  =  4.0  and  7.0%  La  (width  2  mm,  thickness  1  mm  and 
length  12  mm)  were  squeezed  at  400  kg/cm:  (equivalent  to  the  bending  load 
of  86  g)  at  310°C  and  800°C,  respectively,  and  cooled  to  room  temperature. 
Sample  faces,  perpendicular  and  parallel  to  the  stress  direction,  were  ex¬ 
amined  by  X-ray  diffraction  using  Ni-filtered  CuKot  radiation  and  compared 
with  a  diffraction  pattern  recorded  before  squeezing. 

3  STRESS-STRAIN-TEMPERATURE  RELATIONSHIPS 

Figure  1  shows  the  typical  behavior  of  the  bending  strain  with  temperature 
under  several  different  loads.  Application  of  a  load  at  high  temperature 
bent  the  sample  bar  elastically,  and  the  bending  returned  to  zero  upon 
removal  of  the  load.  The  magnitude  of  elastic  bending  agreed  with  the 
value  calculated  using  the  reported  values  of  sn  (Schmidt  and  Boczek, 
f978;  O’Bryan,  1973).  On  cooling  under  load,  the  magnitude  of  bending  did 
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FIGURE  1(A)  Bending  behavior  of  a  7.0/65/3.5  ceramic  as  a  function  of  temperature  during 
cooling  under  several  fixed  loads.  A  load  of  102.6  g  caused  fracture  of  the  sample  during  cooling 
as  indicated  by  X. 
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FIGURE  1(B)  Bending  behavior  of  a  7.0/65/35  ceramic  during  healing  wilhoul  load.  The 
weights  used  lo  produce  deformation  during  the  preceding  cooling  cycle  are  given  beside  each 
curve. 


not  change  appreciably  down  to  a  certain  temperature  T„  at  which  bending 
began  to  increase  rapidly,  and  continued  increasing  to  room  temperature. 
When  the  weight  was  removed  at  room  temperature,  there  was  a  slight  reduc¬ 
tion  in  the  amount  of  bending.  The  reduction  in  bending  agreed  with  the 
value  calculated  from  the  s, ,  coefficient,  indicating  that  this  part  of  the 
strain  was  elastic.  Reheating  without  load  decreased  the  plastic  portion  of 
bending  until  it  became  zero  at  temperature  Tf.  The  original  shape  was 
completely  recovered  by  healing. 

The  elastic  part  of  the  bending  increased  linearly  with  the  increase  in 
load,  but  the  plastic  contribution  tended  to  saturate.  The  amount  of  load 
also  affected  the  characteristic  temperature  T,.  The  initial  deformation 
temperature  T \  shifted  to  higher  values  under  larger  loads,  but  the  shape- 
recovery  temperature  Tr  did  not  depend  noticeably  on  the  size  of  load 
applied  during  cooling.  Further  increase  in  the  Joad  caused  fracture  of  the 
sample  during  cooling,  as  indicated  in  Figure  1(A). 


4  EFFECT  OF  La  CONTENT  ON  THE  STRAIN-TEMPERATURE 
RELATION 

Figure  2  shows  the  effect  of  La  content  on  the  strain-temperature  relation 
under  various  loads.  Data  showing  maximum  bending  for  each  composition 
were  selected;  further  increases  in  load  caused  fracture  of  the  samples. 


shape-memory  effect  in  plzt 


FIGURE  2  Effects  of  La  content  on  thclcntpcral  ure-dependcnce  of  bending  during  (A)  cool¬ 
ing  under  constant  load  and  (B)  healing  without  load. 


245 


T  KIMURA.  R.  E  NEWNHAM  AND  L.  E.  CROSS 

Figure  3  shows  the  relations  between  temperatures  Ta  and  7)  and  the  amount 
of  load,  as  well  as  the  load  which  caused  fracture. 

As  judged  from  the  amount  of  bending  and  dependence  of  Ta  on  load,  the 
shape-memory  behavior  of  the  sample  with  x  =  4.0  was  different  from  that 
in  the  composition  range  6.5  £  x  <,  8.0.  For  samples  with  6.5  <,  x  <,  8.0, 
those  of  higher  La  content  showed  less  bending  at  room  temperature  as  well 
as  lower  deformation  temperatures  Ta  and  restoration  temperatures  Tf. 
Larger  loads  were  required  to  produce  an  equivalent  bending  in  samples 
with  high  La  content.  The  deformation  temperature  T,  was  significantly 
lower  than  7).  Furthermore,  Ta  increased  appreciably  with  increasing  load 
but  Tf  did  not  depend  strongly  on  load.  For  the  sample  with  x  =  4.0,  the 
characteristic  temperatures  Ta  and  Tf  were  the  highest  within  the  com¬ 
position  range  examined,  but  the  magnitude  of  bending  at  room  temperature 
was  about  the  same  as  the  other  samples.  Furthermore,  Ta  and  7}  were  equal 
for  the  4%  sample  and  did  not  depend  on  the  load  applied. 
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FIGURE  3  Relationships  between  characteristic  temperatures  T,  and  7}  and  the  amount  of 
load. 
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Another  difference  in  the  x  =  4.0  sample  was  the  behavior  of  bending 
during  temperature-cycling  under  no  load.  After  the  samples  were  cooled 
under  constant  load,  they  were  reheated  to  a  certain  temperature  below 
T{  and  then  recooled  without  load.  The  bending  increased  as  the  temperature 
was  lowered.  For  the  x  =  4.0  sample,  the  relation  between  bending  and 
temperature  was  the  same  as  that  observed  originally  when  cooled  under 
stress,  when  the  sample  was  reheated  up  to  I0°C  below  Tf.  Reheating  above 
7}  and  cooling  without  load  caused  no  bending.  In  samples  with  6.5  ^  x  <  8.0. 
the  amount  of  bending  observed  during  recooling  was  smaller  than  that  of 
the  initial  cooling  under  load,  and  room-temperature  bending  was  dependent 
on  the  temperature  at  which  recooling  was  begun.  For  example  in  the  case  of 
the  x  =  7.0  sample  deformed  at  85.4  g  (7}  =  96°C),  recooling  from  56°C 
reduced  the  room-temperature  bending  to  70  %  of  the  original  value,  and  from 
74°C  the  amount  was  400%. 


5  RELATION  BETWEEN  DIELECTRIC  AND  MECHANICAL 
-  PROPERTIES 

The  dielectric  constant  of  poled  samples  with  6.5  <>  x  <,  8.0  showed  relaxor 
behavior  in  which  the  temperature  of  the  dielectric  maximum  Tc  depended  on 
the  measuring  frequency.  Furthermore  there  was  a  pre-maximum  peak 


x 

FIGURE  4  Curie  temperature  T„  pre-maximum  temperature  Tr,  deformation  temperature 
T,  and  restoration  temperature  T,ua  function  of  La  content  x. 
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associated  with  the  disapperance  of  ferroelectric  domains.  The  temperature 
of  the  pre-maximum  peak  Tp  did  not  depend  strongly  on  measuring  fre¬ 
quency.  In  the  case  of. x  =  4.0,  there  was  no  pre-maximum  peak  and  Tc  did  not 
depend  on  measuring  frequency. 

Figure  4  shows  the  relationship  between  La  content  and  the  characteristic 
temperatures  Te,  Tp,  Ts  and  7}.  The  values  of  Ts  and  7}  were  collected  from 
the  data  shown  in  Fig.  2,  and  the  Tc  values  correspond  to  those  measured  at 
I  kHz.  The  T,  and  7}  temperatures  of  the  sample  with  x  =  4.0  coincide  with 
Tc>  but  those  of  the  sample  with  6.5  <.  x  ^  8.0  lay  between  Tc  and  Tp.  The 
dependence  of  T,  and  Tf  on  La  content  more  closely  resembles  that  of  Tp 
rather  than  Tc. 


4/65/35 


FIGURE  5  X-ray  diffraction  profiles  of  annealed  t - )  and  compressed  PLZT  ( — 

face  perpendicular,  and - face  parallel  lo  stress  direction)  for  (A)  x  «  4.0. 
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FIGURE  5  (contd.)  for  ( B>  x  -  7.0, 

6  X-RAY  MEASUREMENT 

Seven  strong  diffraction  lines  (110,  III,  200,  210,  21 1,  220  and  310)  of  an¬ 
nealed  and  compressed  samples  were  examined.  Figure  5  shows  a  few  peak 
profiles  and  Table  I  lists  the  diffraction  angles.  The  unit  cell  of  the  annealed 
samples  was  either  rhombohedral  (x  =  4.0)  with  a  =  4.094  A  and  r  - 
89.76°,  or  cubic  (x  =  7.0)  with  a  =  4.086  A,  in  good  agreement  with  the 
reported  structures  and  cell  size  (Kevc  and  Bye,  1975:  O'Bryan  and  Meitzler, 
1972). 

Peaks  from  the  compressed  samples  shifted  to  higher  values  for  faces 
cut  perpendicular  to  the  stress  direction,  and  to  lower  angles  for  faces  parallel 
to  the  stress.  As  expected  for  compression,  the  d-spacings  of  the  faces  orien¬ 
ted  perpendicular  to  the  stress  direction  were  smaller  than  those  of  the  faces 
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cut  parallel  to  the  stress.  Peaks  from  the  faces  perpendicular  to  the  stress 
were  similar  to  those  of  the  annealed  sample. 

Quantitative  determination  of  phases  present  in  the  compressed  samples 
was  difficult  because  good  high-angle  diffraction  data  were  not  available. 
Because  the  largest  differences  in  d-spacings  between  mutually  perpendicular 
faces  were  between  (220)  and  (200)  for  the  x  =  4.0  sample  and  between  (200) 
and  (1 1  l)forthex  =  7.0  specimen,  the  structures  were  judged  toberhombo- 
hedral  (x  =  7.0). 


7  DISCUSSION 

For  compositions  with  x  <,  4.0.  the  samples  behave  like  normal  ferro- 
electrics,  but  for  those  in  the  range  8  2  x  ^  6.5,  domains  are  not  observed 
on  cooling  through  Tc,  nor  do  they  disappear  at  Te  on  heating.  Ordered 
domains  in  a  poled  ceramic  disappear  at  Tp  in  this  composition  range.  The 
close  relationship  between  the  shape-memory  temperatures  7;  and  7}, 
and  Tc  and  T„  suggests  that  the  domain  process  plays  an  important  role  in 
the  shape-memory  effect.  Mechanical  stress  orders  the  domains  at  7^(x  = 
4.0)  or  at  Tp(6.5  <,  x  <,  8.0)  during  cooling,  which  results  in  a  large  pseudo¬ 
plastic  strain  at  room  temperature.  Heating  eliminates  the  domains  and 
restores  the  original  shape. 

X-ray  diffraction  measurements  on  the  compressed  samples  (Figure  5 
and  Table  I)  gave  the  largest  d-spacings  from  sample  faces  oriented  parallel 


TABLE  l 

Diffraction  angles  of  annealed  and  compressed  PLZT  x  65/35  with  . 
x  =  4.0  and  7.0 


Angle  of  peak  maximum.  20  (°) 

X  =* 

4.0 

X  * 

7.0 

hkl 

Annealed 

Compressed 

l  II 

Annealed 

Compressed 

1  II 

110 

30.91 

30.92 

30.89 

30.94 

30.96 

III 

38.13 

38.14 

38.10 

38.15 

38.16 

38.11 

200 

44.26 

44  28 

44.24 

44.28 

44.33 

44.22 

210 

49.79 

49.80 

49.72 

49.84 

49.86 

49.78 

211 

55.00 

55.01 

54.90 

55.01 

55.05 

54.93 

220 

64.46 

64.48 

64.30 

64.47 

64.51 

64.39 

310 

73.14 

73.18 

73.07 

73.16 

73.24 

1  Faces  perpendicular  to  stress. 
I  Faces  parallel  to  stress. 
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ii>  the  stress  direction.  This  means  that  the  polar  directions  are  preferentially 
jligncd  perpendicular  to  the  compressional  stress. 

For  samples  with  La  content  6.5  £  x  £  8.0,  the  deformation  temperature 
T,  depends  on  load,  but  the  restoration  temperature  T}  does  not  (Figure  3). 
Electrically,  the  discontinuity  temperature  in  polarization  shifts  to  higher 
values  when  the  dc  bias  field  increases  (Kevc  and  Annis,  1973).  This  abrupt 
change  in  polarization  with  temperature  is  associated  with  the  domain 
phenomena  occurring  at  Tf.  This  effect  is  analogous  to  the  shift  in  7^  and  7} 
under  mechanical  stress.  Since  no  mechanical  stress  was  applied  during 
heating,  however,  the  restoration  temperature  7)  was  not  influenced  by  the 
stress  applied  during  cooling.  Apparently,  mechanical  stress  has  similar 
effects  to  an  electric  field  in  aligning  domains.  The  anisotropic  thermal 
expansion  coefficients  (O'Bryan  and  Meitzler,  1972)  observed  in  hot-pressed 
PLZT  ( x  =  8.0)  further  supports  this  view.  Radial  stresses  developed  during 
cooling  in  the  hot-pressing  procedure  cause  domain  alignment  below  the 
Curie  temperature.  Thermal  expansion  coefficients  parallel  to  the  direction 
of  the  compressional  stress  arc  higher  than  in  annealed  material,  while 
negative  coefficients  arc  observed  in  the  direction  of  tensile  stresses. 

These  facts  show  that  the  polar  direction  can  be  easily  aligned  by  stress 
when  the  sample  is  cooled  through  the  temperature  at  which  the  domains 
form.  Tensile  stress  aligns  the  polar  direction  parallel  to  the  stress  direction, 
and  compressive  stress  favors  domains  in  the  perpendicular  direction. 

The  relationship  between  bending  and  temperature  shown  in  Figures  1  and 
2  differs  from  the  results  reported  by  Schmidt  and  Boczek  (1978).  especially 
with  regard  to  the  shape  of  the  cooling  curve  and  the  magnitude  of  bending. 
They  observed  a  large  bending  at  high  temperature,  and  an  elastic  compli¬ 
ance  about  300  times  larger  than  the  value  determined  by  resonance  measure¬ 
ment.  This  discrepancy  might  be  attributed  to  the  method  of  supporting  the 
sample.  Schmidt  and  Boczek  used  a  cantilever  method,  in  which  one  end  of 
the  sample  was  fixed,  but  this  results  in  a  rather  complicated  stress  state.  In 
our  experiment,  the  samples  were  freely  held  by  two  supports.  Under  these 
circumstances,  the  stress  stale  at  a  supporting  position  is  not  as  complicated. 
Since  stress  levels  strongly  affect  the  shape-memory  effect,  the  discrepancy 
in  the  results  may  be  attributable  to  the  experimental  method. 

Schmidt  and  Boczek  (1978)  postulated,  on  the  basis  of  their  data,  that 
the  relaxor  or  diffuse  phase  transformation  was  essential  to  obtain  the 
shape-memory  effect  in  fcrroelectrics.  The  PLZT  sample  with  x  =  4.0.  how¬ 
ever,  is  not  a  relaxor.  The  fact  that  this  sample  shows  a  shape-memory 
effect  indicates  that  the  relaxor  behaviour  is  not  an  essential  property.  To 
confirm  this  idea,  BaTiOj  ceramic  bar  with  the  same  shape  and  size  as  the 
PLZT  samples  was  examined.  Figure  6  shows  the  bending-temperature  rela¬ 
tion.  Upon  cooling  from  180°C  under  constant  stress,  bending  increased 
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Temperature  (  *C  ) 

FIGURE  6  Temperaiure-Jcpenilcnec  of  bending  of  BaTiOj. 

abruptly  between  125°  and  122°C  and  more  slowly  below  122°C.  When  the 
sample  was  reheated  after  removing  the  load  at  room  temperature,  bending 
decreased  gradually  up  to  121  °C  and  then  fell  sharply  to  zero  between  121° 
and  123”C.  This  abrupt  change  in  shape  near  the  Curie  temperature  (126°C) 
coincides  with  the  discontinuity  in  the  lattice  parameters,  and  indicates  that 
domain  formation  and  disappearance  are  likely  causes  of  the  shape-memory 
effect  in  ferroelcctrics. 

The  maximum  room-temperature  strain  obtained  in  these  experiments 
was  2.1  x  10  ‘ 3  in  the  sample  with  x  -  6.5.  The  stress  field  is  complicated  in 
the  bending  lest  and  it  is  difficult  to  understand  which  of  the  stresses,  ten¬ 
sion  or  compression,  govern  the  strain.  However,  the  observed  strain  can 
be  compared  with  electrically-induced  strain.  In  the  sample  with  x  =  7.0. 
the  strains  parallel  and  perpendicular  to  the  electric  field  at  room  temper¬ 
ature  arc  2.1  x  10'3  and  0.5  x  10' 3,  respectively  (Smith,  1973).  In  our 
experiment  the  plastic  part  of  the  strain  at  room  temperature  in  such  a  sample 
was  1.8  x  10'3  (Figure  I),  which  is  comparable  to  the  strain  parallel  to  the 
electric  field.  Table  II  lists  the  values  calculated  from  the  data  in  Table  I. 
The  strains  were  calculated  by  comparing  the  </-spacings  between  compressed 
and  annealed  samples.  In  both  samples,  the  strains  observed  in  the  faces 
parallel  to  the  stress  direction  were  larger  than  those  in  perpendicular 
faces.  In  the  compressed  samples,  the  polar  axes  are  nearly  perpendicular 
to  the  stress  direction  as  discussed  previously.  The  large  strains  observed 
parallel  to  the  stress  direction  coincide  with  the  large  strains  measured 
parallel  to  the  electric  field. 

Large  strains  under  tensile  stress  have  been  observed  in  samples  with 
x  =  1.3  and  6.0  (Meitzler  and  O’Bryan,  1971).  At  room  temperature,  the 
maximum  strain  in  the  x  =  6.0  sample  was  2.5  x  I0"3,  which  is  almost  the 
same  strain  observed  in  the  present  experiments.  A  structural  phase  change 


SHAPE-MEMORY  EFFECT  IN  PL21 


TABLE  II 


Differences  of  (/-spacing  between  annealed 
and  compressed  samples 


likl 

d  compressed  -  d  annealed 

x  10* 

d  annealed 

X  » 

1 

4.0 

II 

X  m 

1 

8.0 

II 

110 

-0.3 

07 

-07 

1.4 

III 

-0.2 

08 

-0.3 

1.0 

200 

-0.4 

0.4 

-1  1 

1.3 

210 

-02 

1.3 

-0,4 

l.l 

211 

-0.2 

1.7 

-0.7 

1.3 

220 

-0.3 

2.2 

-0.6 

l.l 

310 

-0.5 

0.9 

-0.9 

l.l 

accompanied  by  a  high  degree  of  preferred  orientation  parallel  to  the  direc¬ 
tion  of  the  applied  tensile  force  is  the  cause  of  the  large  strains. 

Figure  7  shows  the  temperature-dependence  of  the  plastic  part  of  the  strain 
plotted  with  reduced  temperature  T/T,  and  T;Tf.  In  the  case  of  cooling 
under  stress,  the  relationship  between  strain  and  the  reduced  temperature 
can  be  expressed  by  a  single  curve,  except  for  the  x  =  4.0  sample.  For  the 
heating  cycle,  the  relations  for  x  =  6.5  and  7.0  coincide  but  others  do  not; 
all  lie  under  the  curve  for  x  =  6.5and7.0.  The  behavior  of  the.x  =  4.0ceramic 
might  be  attributed  to  differences  in  crystal  structure.  The  structures  of 
the  compressed  samples  were  rhombohcdral  (x  =  4.0)  and  tetragonal  or  of 
mixed  phases  (x  =  7.0).  The  single  curve  relating  strain  and  the  reduced 
temperature  shown  in  Figure  7(A)  would  imply  that  the  crystal  structures 
of  6.5  <ts  8.0  arc  the  same.  In  perovskites,  the  strain  associated  with  a 
tetragonal  distortion  is  generally  larger  lhan  that  of  a  rhombohcdral  dis¬ 
tortion.  Inversion  of  the  magnitude  of  sirain  between  x  =  4.0  and  6.5  might 
result  from  such  a  difference  in  crystal  structure. 

Disagreement  of  the  relation  between  strain  and  reduced  temperature  in 
the  heating  cycle  for  samples  with  6.5  <,  x  <  8.0  might  be  attributed  to  the 
temperature  at  which  the  load  was  removed.  To  confirm  j  his  conjecture,  two 
additional  experiments  were  undertaken.  In  the  first  experiment,  the  weight 
was  removed  at  various  temperatures  during  the  cooling.  Figure  8  shows  the 
result  for  x  =  7.0.  When  unloaded  at  high  temperatures  (but  below  7^),  the 
reduction  in  bending  was  larger  than  that  observed  at  room  temperature. 

In  the  second  experiment,  the  sample  was  loaded  at  room  temperature 
and  then  heated.  Room-temperature  bending  was  almost  the  same  as  that 
observed  when  the  cooled  sample  was  unloaded  at  room  temperature  (Figure 
1).  Bending  increased  during  heating  up  to  a  certain  temperature,  and  then 
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FIGURF  X  Reduction  of  bending  by  removal  of  the  load  at  different  temperatures  in  the 
sample  7.0  65  55. 


decreased  at  higher  temperatures,  as  shown  in  Figure  9.  This  result  indicates 
that  below  Tp  the  stresses  caused  a  phase  transformation  to  a  distorted 
structure  with  an  aligned  polar  direction.  The  magnitude  of  the  bending 
up  to  the  temperature  at  which  bending  became  a  maximum  is  indicative 
of  the  case  of  domain  wall  motion,  i.e.,  the  mechanical  cocrcivity  decreases 
with  increasing  temperature.  Decrease  in  the  bending  at  still  higher  tem¬ 
perature  results  from  a  reduction  of  the  spontaneous  strain. 

Based  on  these  two  additional  experiments,  the  following  explanation 
appears  feasible.  The  presence  of  mechanical  stress  forces  domain  alignment, 
so  that  a  single  curve  expresses  the  relationship  between  strain  and  reduced 
temperature  in  the  cooling  cycle,  as  shown  in  Figure  7(A).  Removal  of  the 
stress  at  room  temperature  releases  the  external  constraint,  and  the  internal 
stresses  developed  during  cooling  under  stress  tend  to  stabilize  the  structure. 
Since  the  difference  between  Tp  and  room  temperature  arc  large  for  x  =  6.5 
and  7.0,  the  domain  walls  cannot  move,  and  the  only  reduction  in  bending 
during  unloading  is  elastic  in  nature.  For  x  —  7.5  and  8.0,  on  the  other 
hand,  Tp  is  low  and  some  of  the  domains  reorient  to  a  more  stable  configura¬ 
tion  during  stress  removal  at  room  temperature.  In  other  words,  the  me¬ 
chanical  relaxation  time  at  room  temperature  decreases  with  increasing 
La  content  (Esaklul,  Gcrbcrich  and  Kocpke,  1980).  The  reduction  of  bending 
accompanying  unloading  at  room  temperature  has  both  elastic  and  domain 
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Temperature  (*C) 

FIGURE  9  Temperature-dependence  of  bending  during  heating  under  constant  load  o( 
70.1  g. 

contributions  for  x  =  7.5  and  8.0,  resulting  in  the  different  curves  in  Figure 
7(B). 

The  anomalous  behavior  caused  by  temperature  cycling  without  load 
can  also  be  explained  by  this  idea.  For  x  =  7.0,  heating  to  high  temperatures 
just  below  Tf  causes  domain  re-orientation,  resulting  in  smaller  strains 
when  recooled  to  room  temperature.  But  several  cycles  between  room 
temperature  and  10eC  below  7}  did  not  lead  to  appreciable  domain  re¬ 
orientation. 


8  CONCLUSION 

The  strains  associated  with  the  shape-memory  effect  in  ferroelectric  ceramics 
can  be  explained  as  follows.  Above  Tc  the  crystallites  are  cubic,  and  domains 
form  when  the  sample  is  cooled  through  the  transition  temperature  under 
stress.  Mechanical  stress  causes  partial  alignment  of  the  polarization  direc¬ 
tions  (but  not  the  absolute  sense).  The  degree  of  alignment  is  determined 
by  the  magnitude  of  the  stress,  as  in  the  case  of  electrical  poling.  In  the 
perovskite  structures,  the  polar  axis  is  longer  than  the  other  axes.  Polar 
axes  tend  to  align  parallel  to  a  tensile  stress.  Domains  with  polarization 
vectors  perpendicular  to  the  stress  direction  are  favored  for  compressional 
stresses.  The  alignment  in  a  ceramic  is  not  complete,  however,  because  of 
random  grain  orientation  and  becauses  of  internal  stresses  between  neigh¬ 
boring  grains.  After  the  domain  pattern  is  formed,  further  cooling  has  little 


256 


SHAPE-MEMORY  EFFECT  IN  PLZT 

effect  on  the  domain  walls.  But  cooling  increases  the  spontaneous  strain  of  the 
distorted  unit  cell,  and  therefore  the  total  strain  increases  as  the  temperature 
is  decreased. 

When  the  lattice  parameters  change  discontinously  at  the  ferroelectric 
transition  temperature,  an  abrupt  change  in  shape  takes  place,  as  in  the 
case  of  BaTiOj .  When  the  lattice  parameters  change  continuously,  a  gradual 
shape-change  temperature-change  is  observed,  as  in  the  case  of  PLZT. 

When  stress  is  removed  at  room  temperature,  the  total  strain  is  reduced 
by  an  amount  equivalent  to  the  elastic  contribution.  If  domain  walls  can 
move  at  room  temperature,  further  reduction  in  total  strain  occurs  by  domain 
re-orientation  as  in  the  case  of  PLZT  samples  with  7.5  ^  x  S  8.0. 

Upon  heating  without  load,  the  decrease  in  spontaneous  strain  causes  a 
gradual  reduction  in  total  strain.  Domain  re-orientation  near  the  transition 
temperature  contributes  a  further  decrease  in  strain.  Finally  the  spontaneous 
strain  disappears  at  Tf,  and  the  total  strain  goes  to  zero.  In  other  words  the 
shape-memory  effect  in  ferroelectrics  is  caused  by  domain  alignment  to¬ 
gether  with  the  temperature-dependence  of  spontaneous  strain. 
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Abstract — Pyroelectric-piezoelectric  glass  ceramics  of  polar  materials  like 
Li 2^5 »  Ba2TiGe208  ,  8a2TiSi208,  and  various  compositions  in  the  systems  Li20-B203, 
Li20-Si02-Zn0,  Li20-Si O2-B2 O3  have  been  prepared  by  oriented  recrystallization  of 
the  glasses  under  a  strong  temperature  gradient,  providing  a  simple  inexpensive 
process  for  preparing  piezoelectric  and  pyroelectric  materials.  High  pyroelectric 
responses  were  observed  in  these  glass-ceramics.  Values  of  piezoelectric  d33 
coefficients,  frequency  constants,  electromechanical  coupling  coefficients  and 
dielectric  properties  of  glass-ceramics  were  in  close  agreement  with  the  values  of 
respective  single  crystals. 


INTRODUCTION 

In  recent  years  there  has  been  a  growing  interest  in  the  study  of  ferroelectricity 
in  glassy  state  and  recrystallized  ferroelectric  glasses1-10.  Dielectric  and  pyroelec¬ 
tric  measurements  have  been  reported  in  glasses  of  stoichiometric  compositions  of  LiTa03, 
LiNb03,  Pb5Ge30vj  and  PbTi031-3. 

Electro-optic  properties,  dielectric  and  pyroelectric  measurements  and  switching 
behavior  have  been  reported  for  glass  ceramics  containing  ferroelectric  microcrystals  of 
BaTi03,  NaNb03,  LiTa03,  PbTi03,  Pb5Ge30ll  and  several  other  materials  in  a  silica  or 
borate  rich  glass  matrix^-10.  Effect  of  heat  treatment  process  on  porosity,  grain  size 
and  on  ferroelectric  properties  of  the  recrystall ized  glasses  has  been  studied.  All 
these  studies  on  glass  ceramics  are  limited  to  the  ferroelectric  glass  ceramics  where 
piezoelectric  and  pyroelectric  properties  are  induced  by  electric  poling  of  the  domain 
structure  of  the  microcrystals.  Not  much  attention  has  been  given  to  studies  for  indu¬ 
cing  polar  orientation  In  the  microcrystals  in  nonferroelectrlc  glass  ceramics.  Recently 
it  has  been  shown  that  by  controlled  crystallization  of  glasses  having  compositions  of 
pyroelectric-piezoelectric  materials  in  a  strong  normal  temperature  gradient  It  is 
possible  to  obtain  glass  ceramics  with  both  crystallographic  and  polar  orientations11*12. 
This  paper  describes  the  piezoelectric  and  pyroelectric  measurements  done  on  several 
glass-ceramic  compositions.  Advantages  of  glass  ceramics  for  various  device  applica¬ 
tions  are  discussed. 

EXPERIMENTAL  DETAILS 

Glasses  of  compositions  Ba2TiGe208,  Ba2TiSi208,  L120-2S1 02  and  several  compositions 
in  the  systems  Li20-B203.  Ll2°-Si02-Zn0  and  Li20-Si O2-B2O3  were  prepared  by  mixing 
reagent  grade  chemicals  in  the  desired  molar  ratios  and  melting  in  a  globar  furnace. 

The  compositions  of  the  glasses  and  the  crystallization  temperatures  determined  from  DTA 
runs  are  given  in  Table  1.  Crystallization  of  glasses  was  carried  out  in  a  temperature 
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TABLE  1 


Properties  of  Glass-Ceramic  Samples  Prepared  in  a  Temperature  Gradient 


£r 

Tcrroa 

Crystalline 

Phasesb 

Piezoc  d33 
PC/N 

Chynowetn 
response1* 
oyro  mV 

2Ba0-2Ge02-Ti02 

15 

800 

B2TG2 

+  6 

(-)  20 

Ba0-1.8S102-Ti02 

12 

860 

b2ts2*q 

+3 

(♦)  35 

L120-2S102 

585 

^2 

-1 

(-)  20 

Li20-2SiO2-O.1ZnO 

5 

570 

LS2+LSZ+Q 

-3 

(-)  70 

L120-2S102-0.2Zn0 

5 

580 

ls2+lsz+q 

-4 

( * ) 1 00 

L120-2S102-0.25ZnO 

585 

ls2+lsz+q 

-4 

(-)  80 

Li20-2S102-0.4ZnO 

8 

590 

ls2+lsz+q 

0 

(-)  4 

L120-3B203 

580 

LB,+LB, 

+3 

(-)  70 

Li,0-1.8Si0, -0.28,0-5 

3 

605,680 

LS,+LB,+LS 

*6 

( - )  200 

Li20-1.33S102-0-66B203 

3 

670 

ls2+lb2+ls 

*3 

(-)  85 

L120-l.SSi02-0.1Zn0-0.1B203 

7 

580,670 

ls2+lsz 

-2 

(-)  20 

^cr  is  the  crystallization  temperature  determined  from  OTA  runs. 
bAbbreviation  for  phases. 


BjTGj  -  Ba2T1Ge2Oa 
82TS2  *  Ba2TiSi20g 
0  *  SIOj  (quartz) 

LS2  «  U2Si205 

cMeasured  on  the  surface  facing 
axis. 


LSZ  -  L12ZnSi04 
LS  *  L12S103 
lb2  -  li2b4o7 
lb3  *  u2b6o10 

the  higher  temperature  end  of  the  temperature  gradient 


d(i)  indicates  the  sign  of  pyroelectric  coefficient  p. 


gradient  by  placing  the  polished  glass  samples,  in  the  form  of  thick  disks,  on  a 
microscope  hot  stage  (E.  Leitz,  Inc.).  A  detailed  procedure  for  the  preparation  of 
glass-ceramic  samples  can  be  found  in  references  11-14.  The  crystalline  phases  in 
the  glass-ceramic  samples  were  identified  from  x-ray  powder  patterns.  The  piezoelec¬ 
tric  constants  were  measured  using  a  d33  meter.  For  resonance  studies,  samples  in  the 
shape  of  circular  disks  were  prepared,  polished  and  gold  electrodes  were  sputtered. 
Measurements  were  made  both  in  the  radial  and  the  thickness  mode  of  resonance  by  reso¬ 
nance  and  antiresonance  method  using  a  Hewlett  Packard  3585A  spectrum  analyzer^.  Pyro 
electric  responses  from  thin  samples  (250  ym)  were  measured  by  the  dynamic  Chynoweth 
technique^  at  a  modulating  frequency  of  4  Hz. 

MICROSTRUCTURE  OF  RECRYSTALLIZED  SAMPLES 

Glass-ceramics  prepared  from  recrystallization  of  the  glasses  in  a  temperature 
gradient  showed  a  high  degree  of  crystallographic  orientation.  Studies  on  the  degree 
of  preferred  orientation  of  the  crystallites  as  a  function  of  depth  from  the  hot  face 
revealed  that  the  oriented  crystallites  regidn  extends  deep  in  the  glass-ceramic  sam¬ 
ples  and  then  tapers  off  (Figure  1).  Needle-like  crystals  grow  from  the  hot  face  into 
the, sample  alonq  the  direction  of  the  temperature  gradient.  The  depth  of  the  oriented 
'•egion  was  400  to  600  urn.  The  width  of  the  crystallites  estimated  from  the  optical 
microscooe  is  in  the  ranae  2-5  urn. 
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Fig.  1. 

Optical  photomicrograph  of 

oriented  crystal  1 i zed  region 

in  Li 20-2$ i 02-0. 2ZnQ  glass-ceramics 

(xIOO) 


Fig.  2. 

Resonance  spectrum  for 
Li20-1 .8S102-0. 28203  glass-ceramic 
(horizontal  scale  *  6.8  kHz; 
vertical  scale  ■  5  48). 


FIGURE  1 


FIGURE  2 


PIEZOELECTRIC  PROPERTIES 

The  piezoelectric  d33  coefficients  and  their  signs  measured  on  the  surface  facing 
the  higher  temperature  gradient  end  are  given  in  Table  1.  For  Ba2TiGe208  and  Ba2TiSi208 
glass-ceramics,  the  sign  of  d33  was  positive.  For  Li 2Si 2O5  the  sign  of  d33  was  negative 
and  remained  the  same  in  samples  containing  small  amounts  of  ZnO  in  the  composition. 
However,  the  magnitude  of  d33  increased  for  compositions  containing  even  a  small 
amount  of  ZnO.  Addition  of  small  amounts  of  B2O3  in  Li 2Si 205  reversed  the  sign  and 
increased  the  magnitude  of  d33.  This  indicated  that  both  the  crystallization  behavior 
and  the  polar  orientation  were  influenced  strongly  by  the  various  ionic  species  present 
in  the  parent  glass. 

A  typical  resonance  spectrum  observed  in  glass-ceramic  samples  is  shown  in  Fig.  2. 
The  electromechanical  properties  of  some  of  the  glass-ceramic  compositions  are  given  in 
Table  2.14»'6  The  coupling  coefficients  kp  and  kt  of  Ba2TiGe208  glass-ceramics  are  com¬ 
parable  to  the  corresponding  values  of  single  crystals.  The  values  for  mechanical  qual¬ 
ity  factor  Q  are  comparatively  higher.  The  TCR  values  for  Li 20-Si 0?- B2O3  glass-ceramics 
are  comparable  to  the  values  of  commonly  used  piezoelectric  materials  like  LiTa03  and 
LiNb03.  In  this  system,  the  strong  dependence  of  TCR  on  the  composition  of  the  parent 
glass  suggests  that  it  might  be  possible  to  reduce  TCR  further  by  a  suitable  choice  of 
the  composition  of  the  parent  glass.  In  addition,  by  employing  proper  heat  treatment 
cycles  for  crystallization,  it  is  possible  to  prepare  glass  ceramics  with  oriented 
crystallites  of  more  than  one  phase  from  the  glass  matrix.  Hence,  in  such  glass-ceramic 
systems,  composition  and  processing  parameters  are  the  extra  controlling  factors,  which 
can  be  exp1.' ‘ted  to  tailor  the  properties  of  piezoelectric  resonators. 


TA8LE  2 

Electromechanical  Properties  of  Glass  Ceramics 


Composition 

NP 

m-Hz 

kp 

m 

m 

kt 

W 

m 

Q 

TCR 

ppm/°c 

2«a0'2Ge02-T102 

3100 

2500 

.4.4 

7.5 

700 

95 

(0°-100°C) 

Ba^iGejOg  (single  crystal) 

2900 

2150 

6.2 

10.0 

650 

50 

(0°-100°C) 

L120-1.8Si02-0.2B203 

4500 

— 

14 

— 

1000 

60 

(0°-100°C) 

Li20-1.33Si02-0.66b203 


30 

(30°-60*C) 


4200 


9 


400 
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PYROELECTRIC  PROPERTIES 

The  pyroelectric  voltage  response  of  the  samples  measured  by  the  Chynoweth  technique 
are  given  in  Table  1.  Pyroelectric  responses  from  grain  oriented  glass-ceramics  were 
typically  50*  of  the  responses  from  the  corresponding  single  crystals.  Lithium  boro- 
silicate  glass-ceramics  seem  very  promising  for  pyroelectric  applications.  A  strong 
pyroelectric  response  was  measured  from  glass  ceramics  of  composition  L i 2 0- 1 .8Si02- 
O.2B2O3  and  was  comparable  to  the  signal  from  a  commercial  pyroelectric  such  as  LiTa03. 

For  pyroelectric  detectors  and  vidicon,  the  figure  of  merit  is  given  by  P/cpCpK 
where  p  is  the  pyroelectric  coefficient,  e  the  dielectric  constant,  p  the  density,  Cp 
the  specific  heat  and  K  is  the  thermal  conductivity  of  the  material.  The  dielectric 
constants  of  the  glass-ceramics  listed  in  Table  1  are  in  the  range  5  to  10  and  the 
densities  are  about  2-3  gms/cc.  A  high  figure  of  merit  could  be  possible  in  glass- 
ceramic  pyroelectric  detectors. 

SUMMARY 

Several  piezoelectric  and  pyroelectric  materials  can  be  prepared  in  the  glassy 
phase,  and  it  is  possible  to  prepare  large  area,  inexpensive  polar  glass  ceramics  by 
recrystallizing  the  glasses  under  a  strong  normal  temperature  gradient.  Electrical 
properties  of  glass  ceramics  are  less  sensitive  to  the  chemical  impurities  and  the 
defects  in  the  samples.  The  piezoelectric  and  pyroelectric  properties  of  the  glass 
ceramics  can  be  tailored  to  the  desired  requirements  by  recrystallizing  the  multicom¬ 
ponent-glasses  using  a  proper  temperature  cycle.  Pyroelectric  and  electromechanical 
propertrfcs  of  glass  ceramics  are  comparable  to  their  properties  in  the  single  crystal 
form.  Such  composite  elements  may  be  useful  for  device  applications  based  on  flexural 
resonance  mode,  in  pyroelectric  detectors,  for  resonators,  and  in  SAW  devices.  The 
process  for  preparing  glass  ceramics  is  amenable  to  mass  production. 
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Ba2TiGe208  and  Ba2TiSi208  pyroelectric 
glass-ceramics 

A.  HALLIYAL,  A.  S.  BHALLA,  R.  E.  NEWNHAM,  L.  E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park, 
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Pyroelectric  glass-ceramics  of  composition  Ba2TiGe208  and  Ba2TiSi208  were  prepred  by 
crystallizing  the  glasses  in  a  temperature  gradient.  High  pyroelectric  responses  up  to  50% 
of  the  single-crystal  values  were  observed  because  of  the  high  degree  of  orientation  of  the 
crystallites  in  the  glass-ceramic  samples.  The  piezoelectric  and  dielectric  properties  of  the 
glasses  and  the  glass-ceramics  are  also  consistent  with  the  properties  of  the  single  crystals. 


1.  Introduction 

Pyroelectric  lithium  disilicate  glass-ceramics  have 
recently  been  prepared  by  growing  highly  orien¬ 
tated  surface  layers  of  lithium  disilicate  crystals 
by  crystallizing  the  glasses  of  stoichiometric  glass 
compositions  Li20  •  2Si02  in  a  temperature  gradi¬ 
ent  [1 J.  This  technique  provides  a  method  of  fabri¬ 
cating  large  and  inexpensive  pyroelectric  devices. 
However,  one  difficulty  encountered  in  working 
with  the  lithium  disilicate  pyroelectric  glass-ceramic 
was  that  thin  targets  (of  thickness,  d  <  200  /am)  cut 
perpend'  ,  ,'ar  to  the  growth  direction  (the  polar 
c-axis  c  Tj2Si2Os)  were  extremely  fragile  and 
could  not  be  prepared  routinely. 

In  this  study  pyroelectric  glass-ceramics  of 
barium  titatnium  silicate  (BTS:  Ba2TiSi208  or 
fresnoite)  and  barium  titanium  germanate  (BTG: 
Ba2TiGe20g)  are  described,  the  physical  properties 
of  which  are  superior  to  Li2Si2Os.  Thin  sections 
of  these  glass-ceramics,  less  than  100  /am  in  thick¬ 
ness,  can  easily  be  prepared  since  they  are  mech¬ 
anically  much  stronger.  Glass-ceramics  of  BTG 
and  BTS  were  prepared  by  crystallizing  glasses  of 
stoichiometric  compositions  of  BTG  and  a  silica- 
rich  composition  (64Si02-36BaTi03)  of  BTS  in 
a  thermal  gradient.  The  dielectric  and  pyroelectric 
properties  were  measured  and  compared  with  the 
properties  of  single  crystals. 

In  the  single-crystal  form  fresnoite  belongs  to 

*J.  T.  Baker  Chemical  Co..  Phillipsburii.  NJ .  USA. 

+  Fisher  Scientific  Co..  Phillipsburi,  NJ,  USA. 

*  Eagle -Picher  Industries,  Inc..  Qua  paw.  Oklahoma.  USA. 


the  crystallographic  point  group  4mm  and  is 
pyroelectric  (2).  Ba2TiGe208  is  reported  to  be  a 
ferroelastic  [3.  4]  below  810°  C  and  belongs  to  the 
orthorhombic  polar  point  group  mm2.  In  the 
paraelastic  phase  above  the  transition  temperature, 
Tc,  BTG  also  belongs  to  the  tetragonal  point 
group  4mm. 

Glass-ceramics  in  the  BaTi03-Si02  system  have 
been  previously  investigated.  Herczog  [5]  studied 
the  crystallization  of  BaTi03  in  a  silicate  glass 
matrix.  Dielectric  and  electro-optic  measurements 
on  transparent  glass-ceramics  containing  ferro¬ 
electric  BaTi03  in  a  glass  matrix  have  also  been 
reported  [6].  However,  the  primary  interest  in 
these  materials  has  been  concerned  with  the 
dielectric  and  electro-optic  properties  of  the  glass- 
ceramics.  and  in  the  ferroelectric  nature  of  BaTi03 
crystallites  surrounded  by  a  glass  matrix.  In  these 
studies  no  efforts  have  been  made  to  develop 
glass-ceramics  containing  orientated  crystallites. 
The  present  study  describes  the  preparation  and 
characterization  of  glass-ceramics  containing 
orientated  crystallites  of  the  pyroelectric  (but 
non-ferroelectric)  BTS  and  BTG  phases. 

2.  Experimental  details 

Glasses  of  composition  64Si02  •  36BaO  •  36Ti02 
were  prepared  by  mixing  reagent-grade  silicic 
acid*,  barium  carbonate+  and  titanic  oxide*. 
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followed  by  melting  in  a  globar  furnace.  Fresnoite 
has  a  high  melting  point  (1400°  C)  and  thus,  it 
was  difficult  to  obtain  bubble-free  glasses  of  the 
stoichiometric  composition.  To  avoid  this  problem, 
a  composition  was  selected  which  lies  near  the 
eutectic  point  on  the  silica-rich  side  of  the 
BaTi03— Si02  binary  phase  diagram  [7J.  This 
composition  lies  well  within  the  range  of  glass 
formation  in  the  BaTi03-Si02  system. 

In  the  case  of  BTG,  reagent-grade  barium 
carbonate,  germanium  oxide*  and  titanic  oxide 
were  mixed  and  melted  in  the  furnace.  In  both 
cases,  the  melts  were  maintained  at  1375°  C  for 
24  hours  for  fining  and  homogenization.  Trans¬ 
parent  samples  were  obtained  by  pouring  the  melt 
into  a  graphite  mould.  The  samples  which  crys¬ 
tallized  during  pouring  of  the  melt  were  remelted 
and  poured  again  into  the  graphite  mould  in  order 
to  ensure  transparent  glass  samples.  All  the  glass 
samples  were  annealed  at  600°  C  for  1 2  hours  and 
then  cut  and  polished  in  the  form  of  thick  disks 
in  preparation  for  the  crystallization  studies.  To 
determine  the  crystallization  temperatures  of  the 
glass  compositions,  differential  thermal  analysis 
(DTA)  measurements  were  performed  on  the  glass 
samples.  Exothermic  peaks  were  observed  at 
860°  C  in  the  case  of  BTS  and  at  800°  C  in  the 
case  of  BTG,  as  shown  in  Fig.  1 . 

Crystalization  was  carried  out  in  a  temperature 
gradient  by  placing  the  polished  glass  samples,  in 
the  form  of  thick  disks,  on  a  microscope  hot 
stage.1.  The  temperature  gradient  near  the  hottest 
temperature  zone  was  perpendicular  to  the  surface 
of  the  sample  and  it  was  estimated  to  be  about 
100°  Cmm'*.  Typical  heating  cycles  used  for 
glass  crystallization  are  shown  in  Fig.  2.  The 
heating  cycle  consisted  of  an  initial  rapid  rise  in 
temperature  to  minimize  volume  nucleation, 
followed  by  a  slow  increase  in  temperature  at  a 
rate  of  about  3°Cmin‘1.  After  reaching  the 
maximum  crystallization  temperature  (1 100°  C  for 
BTS  and  1000°  C  for  BTG),  the  samples  were 
held  at  this  temperature  for  24  hours.  The  tem¬ 
perature  was  then  decreased  rapidly  to  room 
temperature.  The  thicknesses  of  the  crystallized 
portions  of  the  glasses  ranged  from  1  to  2  mm, 
depending  on  the  heating  cycle. 

The  degree  of  preferred  orientation  of  the 


1 

w 

S 


o 

1 


Heating  rate:  10° C  min'1 


Figure  1  DTA  heating  curves  of  (a)  BTG  and  (b)  BTS 
glasses. 


glass-ceramic  was  evaluated  from  X-ray  diffracto¬ 
meter  patterns.  X-ray  diffraction  (XRD)  patterns 
were  recorded  on  surfaces  normal  to  the  direction 
of  the  temperature  gradient  (Fig.  3).  The  XRD 
patterns  were  compared  with  the  standard  powder 
diffraction  patterns  to  determine  the  relative 
degree  of  orientation.  The  dielectric  constants  of 
glass  and  glass-ceramic  disks  were  measured  with  a 
capacitance  bridge.  The  piezoelectric  behaviour 
parallel  to  the  crystallization  direction  was  studied 
using  a  d33-meter.*  The  samples  were  thinned 
down  to  about  200  fim  in  thickness  and  the  pyro¬ 
electric  response  was  measured  by  the  dynamic 
Chynoweth  technique  [8]  at  a  modulating  fre¬ 
quency  of  4  Hz.  The  pyroelectric  signals  on  glass- 
ceramics  were  compared  with  the  responses  from 
single  crystals  of  the  BTG  and  BTS.  The  densities 
of  BTG,  BTS  glasses  and  glass-ceramic  samples 
were  determined  by  a  mercury  porosimeter^  and 
compared  with  the  densities  of  single  crystals. 

3.  Results  and  discussion 

Table  I  summarizes  the  data  for  the  glass  and 
glass-ceramic  samples.  Single-crystal  values  are  also 
listed  for  comparison. 

X-ray  powder  diffraction  patterns  of  the  crys¬ 
tallized  samples  showed  that  the  principal  crystal¬ 
lized  phases  were  fresnoite  in  the  BTS  glass- 
ceramics  and  Ba2Ge2Ti08  in  the  BTG  glass- 
ceramic  samples.  A  few  low-intensity  peaks  of  an 
unidentified  phase  were  observed  in  the  powder 
diffraction  patterns  of  both  compositions.  The 
samples  showed  highly  orientated  crystal  growth 
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Figure  2  Heating  cycles  used  for  crystallizing  (a)  BTG  and 
(b)  BTS  glasses. 


in  a  direction  parallel  to  the  temperature  gradient, 
with  the  polar  c-axis  perpendicular  to  the  hot 
surface  of  the  sample.  As  shown  in  Fig.  4,  the 
002  reflection  was  the  strongest  in  the  X-ray 
patterns  of  the  crystallized  surfaces.  The  ratio  of 
the  intensity  of  the  0  0  2  peak  to  that  of  the  2  1 1 
peak  was  taken  as  a  measure  of  the  relative  degree 
of  orientation.  The  intensity  ratios  are  given  in 
Table  I.  Comparison  of  the  intensity  ratios  in  the 
glass-ceramic  samples  with  the  intensity  ratios  of 
a  standard  powder  pattern,  showed  a  high  degree 
of  orientation  of  the  crystallites  in  the  glass- 
ceramics.  An  even  higher  degree  of  orientation 
was  obtained  in  the  samples  with  good  surface 
finish. 


The  degree  of  preferred  orientation  in  crys¬ 
tallized  samples  of  BTS  and  BTG  was  similar  to 
that  observed  previously  [1]  in  Li2Si2Os.  It  was 
observed  that  the  degree  of  orientation  of  the 
crystallites  in  the  isothermally  crystallized  glass- 
ceramics  was  poor  compared  to  the  samples 
crystallized  in  a  temperature  gradient.  In  addition, 
detailed  studies  of  the  microstructure  of  the 
crystallized  samples  showed  that  the  thickness  of 
the  well-orientated  region  was  larger  in  the  case 
of  samples  crystallized  in  a  temperature  gradient, 
indicating  that  thermal  gradient  crystallization  is 
preferable  for  obtaining  well  orientated  glass- 
ceramics. 

The  main  reason  for  the  orientation  of  the 
crystallites  is  surface-nucleated  crystallization 
which  takes  place  in  both  the  isothermal  and  tem¬ 
perature-gradient  crystallization.  A  higher  degree 
of  electrical  and  crystallographic  orientation  is 
obtained  in  the  temperature-gradient  crystalliz¬ 
ation  method  due  to  the  absence  of  volume 
nucleation;  however,  in  the  case  of  isothermal 
crystallization,  the  orientation  of  the  crystallites 
is  limited  to  a  layer  only  a  few  micrometers  thick 
due  to  the  simultaneous  occurrence  of  volume 
nucleation.  Atkinson  and  McMillan  [9]  attempted 
to  produce  a  Li2Si205  glass-ceramic  with  an 
aligned  microstructure  by  a  hot-extrusion  method. 
They  were  partially  successful  in  obtaining  glass- 
ceramic  samples  with  the  disilicate  crystal  crys- 
tallograpnically-aligned  parallel  to  the  extrusion 
axis.  However,  the  degree  of  orientation  of  the 
crystallites  was  less  than  that  obtained  in  glass- 
ceramic  samples  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient  [1  ]. 

The  density  of  BTG  glass  was  about  the  same  as 


TABLE  1  Summary  of  data  for  glass  and  glass-ceramic  samples . 


Sample 

X-ray  intensities, 
t  (0  0  2) 

/  (2  1  1) 

Dielectric 

constant, 

(' 

Dissipation 

factor* 

Density 

(gem'1) 

(X  IC’CN'1) 

Pyroelectric 

response 

BTG  glass 

BTG  glass-ceramic 
Ba,Ge,TiO,  single  crystal 

85 

0.2 

(standard 
powder  pattern) 

17 

15.0 

*n  =  20 
*„  =  20 
«„=  13 

0.003 

0.002 

0.003 

4.74 

4.56 

4.84 

5  to  7  ] 

8  j 

50%  to  60% 
of  single- 
crystal 
value 

BTS  glass 

BTS  glass-ceramic 
Ba,Si,TiOI  single  crystal 

15 

0.2 

(standard 
powder  pattern) 

15 

12.5 

«n  =  *n  -  *5 
«,,  =  11 

0.002 

0.002 

0.003 

4.01 

3.90 

4.45 

2  to  3  ] 

j 

|  50%  to  60% 
t  of  single- 
(  crystal 

I  value 

•Measurements  were  made  at  1  MHz  for  the  glass  and  glass-ceramic  and  at  I  kHz  for  single  crystals. 
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Surfac«of  th«  glass 
sample  in  contact 
with  hat  stag* 

Figure  3  The  direction  of  polar  orientation  in  glass- 
ceramic  samples. 


the  single-crystal  form  (Table  I),  while  that  of  BTS 
glass  was  slightly  lower  than  the  density  of  fres 
noite  single  crystals  because  of  the  excess  silica 
used  in  the  BTS  composition.  Only  a  small 
decrease  in  density  occurred  on  crystallization  of 
the  glass  phases,  indicating  a  low  concentration  of 
voids  in  the  glass-ceramic  samples.  Samples  as 
thin  as  100/am  could  be  prepared  without  diffi¬ 
culty  because  of  the  absence  of  pores  and  cracks. 

The  dielectric  constants  of  BTS  and  BTC 
glasses  measured  at  1  MHz  are  very  close  to  the 
mean  dielectric  constant,  (£n  +  e22  +  e33)/3,  ot 
the  corresponding  crystalline  phases.  On  crystal- 


Figure  4  X-ray  diffraction  patterns  of  i.i(  Ra.Cie.TiO.  o.imijrd  powder  diffraction  pattern,  (b)  BTC  glass-ceramic, 
fc)  Ba-TiStO.  standard  powder  diffraction  pattern,  and  nil  BTS  glass-ceramic. 


lization,  the  dielectric  constants  of  the  glass- 
ceramic  samples  show  a  slight  decrease;  the  dielec¬ 
tric  constant  measured  in  the  crystallization 
direction  is  closer  to  the  e3-values  of  the  single 
crystals.  This  is  consistent  with  the  fact  that  the 
c-axis  is  the  preferred  orientation  direction  in  the 
glass-ceramic,  as  indicated  by  X-ray  diffraction 
analysis. 

The  loss  tangent  factors  of  the  glass-ceramics 
were  similar  to  those  measured  on  single  crystals. 

Piezoelectric  coefficients,  d33,  measured  in  the 
crystallization  direction  in  glass-ceramics  were 
comparable  to  the  single-crystal  d33  coefficient 
values  reported  [2—4]  for  BTS  and  BTG.  Opposite 
faces  of  the  sample  gave  opposite  signs  for  the 
piezoelectric  constant.  The  large  magnitude  of 
<f33-values  and  its  sign  reversal  suggest  that  the 
crystallites  in  the  glass-ceramics  are  not  only 
orientated  along  the  c-axis  in  the  crystallization 
direction,  but  that  most  of  the  crystallites  have 
the  same  polarity  as  well.  The  fact  that  the  de¬ 
values  remained  constant  over  the  entire  surface 
of  the  glass-ceramic  testifies  to  the  uniformity  and 
the  homogeneity  of  the  samples. 

As  in  the  previous  study  of  lithium  disilicate 
[1],  it  was  observed  that  the  temperature  gradient 
dictated  both  the  electrical  and  crystallographic 
alignment.  In  all  samples  the  polar  orientation  was 
antiparallel  to  the  direction  in  which  crystalliz¬ 
ation  proceeds  into  the  glass,  with  the  positive 
end  of  the  dipole  pointing  toward  the  high- 
temperature  end  of  the  sample,  as  depicted  in 
Fig.  3.  There  may  be  several  causes  for  the  polar 
alignment  of  the  crystallites.  One  possible  cause  is 
the  existence  of  high  local  electric  fields  resulting 
from  surface  pyroelectric  charges  [10].  These  local 
electric  fields  might  dictate  the  orientation  of  the 
dipoles  as  crystallization  proceeds  into  the  glass. 
A  second  possible  cause  is  the  nature  of  the  sur¬ 
face  chemistry.  It  is  known  that  low  charge  cations 
such  as  Li*  or  BaJ+  migrate  to  the  surface  upon 
heating  [11].  This  higher  surface  concentration 
of  cations  could  influence  the  nature  of  both  the 
crystallization  and  polar  orientation.  It  is  possible 
that  as  the  crystallization  proceeds  into  the  bulk 
of  the  glass,  starting  from  a  cation-rich  surface, 
the  positive  end  of  the  dipole  moments  in  the 
crystallites  will  be  directed  toward  the  hot  surface. 

The  pyroelectric  response  on  the  glass  ceramics 
was  studied  by  the  dynamic  Chynoweth  method. 
Pyroelectric  voltage  responses  of  between  50  and 
60%  of  the  single-crystal  values  were  obtained 


reproducibly  with  the  glass-ceramic  samples.  The 
sign  of  the  pyroelectric  coefficient  is  negative  for 
BTG  single  crystals  and  positive  for  BTS.  A  similar 
difference  in  sign  was  observed  with  glass-ceramics. 
For  a  simple  pyroelectric  detector,  the  figure 
of  merit  is  given  by  p/e,  where  p  is  the  pyro¬ 
electric  coefficient  and  e  is  the  dielectric  permit 
tivity.  The  pyroelectric  coefficients  of  single 
crystals  of  Ba2TiGe208  and  Ba2TiSi208  are  3  and 
10pCm"loC_1,  respectively  [12],  Since  the 
dielectric  constants  of  the  glass-ceramics  are  com¬ 
parable  with  those  of  single  crystals,  it  can  be  con¬ 
cluded  that  the  pyroelectric  coefficients  of  the 
glass-ceramics  are  of  the  same  order  of  magnitude 
as  those  of  the  single  crystals.  Specimens  of  100  to 
500  pm  in  thickness  were  studied  during  pyro¬ 
electric  tests.  Samples  of  large  surface  area  and  less 
than  100  pm  in  thickness  were  mechanically  strong 
and  gave  reproducible  results,  suggesting  their  use 
as  pyroelectric  detectors. 

4.  Conclusions 

Glass-ceramics  of  composition  Ba2TiGe208  and 
Ba2TiSi208  were  prepared  by  crystallizing  the 
glasses  in  a  temperature  gradient.  The  glass- 
ceramics  show  preferred  orientation,  with  the 
polar  c-axis  parallel  to  the  temperature  gradient. 
Pyroelectric  responses  up  to  50%  of  the  single¬ 
crystal  values  were  observed  on  these  glass-ceramic 
samples.  Measurement  of  the  density,  dielectric 
constant,  and  piezoelectric  constant  gave  results 
comparable  to  the  reported  single-crystal  proper¬ 
ties. 
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DENSI FI  CATION  IN  PZT 
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The  reaction  sequence  of  PZT  formation  from  the  mixture  of  Pb0-Zr07-Ti02  has  been 
extensively  studiedl'3.  However,  there  have  been  no  studies  on  the  morphological 
changes  occurring  during  the  calcination  process.  The  dependence  of  the  character¬ 
istic?  and  properties  of  the  ceramic  on  the  calcining  conditions  though  has  been  well 
noted^'S,  no  systematic  explanations  have  been  given  for  the  reasons  of  such  depen¬ 
dencies. 

Inhomogeneous  sintering  has  been  observed  in  PZT  tapes  and  disks"  and  was  attri¬ 
buted  to  packing  characteristics  and  chemical  inhomogeneities.  Earlier  efforts  to  react- 
ively  sinter  PZT  ceramics  from  uncalcined  oxide  mixtures  were  in  vain  due  to  the  "anoma¬ 
lous"  expansion  of  the  compacts  during  the  sintering  process'. 

The  purpose  of  this  study  was  to  investigate  the  dilatometric  behavior  of  the  com¬ 
pacts  during  calcining  and  its  influence  of  sintering  and  properties  of  PZT  ceramics. 

EXPERIMENTAL 

The  PZT  60/40  (PbZrggTig  ^ ) O3  composition  was  prepared  from  the  reagent  grade  ox¬ 
ides  via  the  usual  processing  steps—  ball  milling  and  drying.  Four  different  calcina¬ 
tions  were  carried  out  with  varying  temperature/time  conditions  to  produce  different 
phase  assemblages:  (i)  uncalcined  (as  mixed);  (ii)  calcines  at  600°  for  3  hours;  (iii) 
calcined  at  700°C/3  hours  and  (i v)  calcined  at  800°  for  6  hours.  Calcining  was  done  by 
placing  the  Zr02  Saggers  containing  the  PZT  mix  into  an  electric  muffle  furnace  pre¬ 
heated  to  the  required  temperature  for  the  specified  period  of  time. 

The  calcined  powders  were  characterized  for  (i)  surface  area  by  a  BET  technique; 
(ii)  particle  size  and  shape  distribution  by  CESEMI  and  (iii)  qualitative  and  quantita¬ 
tive  phase  analysis  by  x-ray  diffraction.  For  details  of  the  analyses  see  Table  1. 
Sintered  alumina  rods  covered  with  platinum  foil  with  a  LVDT  attachment  were  used  for 
the  dilatometric  studies.  The  samples  were  heated  at  a  constant  rate  of  200°C/hr  from 
room  temperature  to  1300°C  and  cooled  back  at  the  same  rate. 

Isothermal  studies  were  carried  out  by  introducing  the  crucibles  containing  the 
PZT  samples  and  the  PbO  source  pellets  into  a  muffle  furnace  maintained  at  specific 
temperatures  (1000,  1100,  1200  and  1300°C)  and  quenching  after  a  stipulated  period  of 
soak  (1  min-12  hrs).  Sintering  studies  were  also  done  on  all  samples  at  constant  rate 
of  heating  (200°C/hr)  up  to  1300°C. 

Studies  on  reactive  sintering  were  done  on  (PZT  60/40,  PZT  401,  PZT  501)  composi¬ 
tions  calcined  to  840°C,  the  temperature  at  which  the  expansion  maximum  was  noted. 
Dilatometric  and  isothermal  studies  (at  700,  800,  900,  1000  and  1150°C)  were  done  with 
pellets  as  mentioned  earlier.  Dense  pellets  (>97%  theoretical)  were  obtained  by  sinter¬ 
ing  at  1150°C  for  1/2  hour.  The  physical,  microstructural  and  electromechanical  charac¬ 
teristics  of  these  were  compared  with  standard  samples  of  PZT  60/40  obtained  by  sinter¬ 
ing  at  1300°C  for  half-hr;  pel  lets  made  from  completely  calcined  single  phase  PZT  calcines. 
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TABLE  1.  PZT  60/40  cal ci re¬ 
characterization  data. 

Nomenclature  Calcining 
Conditions 


MO  UNC 


Uncalcined 


MO  600/3  600°C/3  hr 


MO  700/3  700°C/3  hr 


MO  CAL _ 800°C/6  hr 

aA  tetragonal  PbO  solid  soluti 
.containing  PbTi03  phase. 
dA  PZT  phase  of  varying  Zr/Ti 


Phase 


PbO 

PbTi03 

Zr02 

PbOssa 

PbO 
PbOss 
PbTi03 
•PZT'  b 
Zr02 

PZT 


ratios. 


and  (ii)  the  formation  of  PbOss  contai 


Geometric  densities  of  fired  samples  were  ob¬ 
tained  from  weight  and  dimension  measurement*- 
Microstructural  analysis  was  done  on  polished 
and  fractured  surfaces.  The  dielectric  and 
electromechanical  properties  were  obtained  24 
hrs  after  poling  which  was  accomplished  by  ap. 
plying  a  25-30  kV/cm  DC  field  at  M20°C  for 
5  min  across  the  silver  electroded  samples  in 
an  oil  bath.  The  dielectric  constant,  k,  and 
the  loss  factor,  tan6  were  obtained  using  a 
Hewlett-Packard  automatic  capacitance  bridge. 
The  piezoelectric  coefficient,  d33,  was  mea¬ 
sured  in  a  Berl incourt  d33  meter.  Resonance 
techniques  described  in  IRE  Standards  (1961) 
were  used  to  obtain  the  coupling  coefficient, 
kp,  and  the  quality  factor  Q. 

RESULTS  AND  CONCLUSIONS 

Figure  1  is  the  dilatometric  behavior  of 
_  the  compacts  from  the  various  calcines  as  a 
function  of  temperature.  The  two  distinct  re¬ 
gions  of  expansion  in  the  uncalcined  sample 
correspond  to  the  two  different  stages  of  re¬ 
action  as  was  seen  from  the  x-ray  analysis, 
(i)  The  formation  of  PbTi03  around  450-600°C 
ning  some  PbTi03  dissolved  into  a  tetragonal  PbO 


S 
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and  (PZT)  compounds  of  varying  Zr/Ti  ratios.  The  final  stages  of  the  stoichiometric  PZT 
formation  is  accompanied  by  a  rapid  shrinkage  above  800°C  up  to  900°C  above  which  den- 
sification  starts  to  occur.  The  SEM  micrographs  of  the  fractured  surfaces  of  compacts 
quenched  at  various  temperatures  during  calcining  also  showed  interesting  changes  in 
the  microstructure  as  a  function  of  temperature.  Dense  platey  regions  richer  in  PbO  and 
Ti 02  were  noted  around  700-750°C  from  the  selected  area  x-ray  energy  emission  analyses 
of  these  regions.  These  are  possibly  the  reaction  products  PbTi03  and  PbOss-  The  ab¬ 
sence  of  the  specific  expansion  regions—  region  1  around  600°C  in  MO  600/3  samples  and 
region  1  and  most  of  region  2  in  MO  700/3  samples  which  had  the  corresponding  phase  dis^ 
tribution  of  these  materials  (Table  1)  also  prove  the  relationship  between  the  expan¬ 
sions  and  the  reaction  sequences.  The  expansion  is  due  to  (i)  the  topological  nature  of 
the  reactions— diffusion  of  PbO  into  T i 02  particles  and  the  formation  of  PbTi03  on  the 
Ti O2  skeletal  regions  and  (ii)  the  differences  in  the  molar  volumes  of  the  product 
PbTi03  (38  ml)  and  Ti02  (20.8  ml).  Further  reactions  involving  Zr02  also  occur  in  a 
similar  manner  at  the  P/Z  and  P/T  and  P/PT/Z  interfaces,  causing  expansion  of  the  com¬ 
pact.  The  rapid  shrinkage  during  the  final  stages  of  PZT  formation  is  due  to  particle 
coarsening,  higher  product  densities  and  phase  transformations. 

INHOMOGENEOUS  DENSIFICATIONS 


The  results  of  the  isothermal  sintering  at  1100°C  studies  on  the  pellets  from  the 
different  calcines  are  shown  in  Figure  2.  At  all  the  sintering  temperatures  the  uncal¬ 
cined  and  partially  calcined  specimens  initially  expand  as  PZT  formation  occurred, 
resulting  in  a  porous  ceramic.  On  further  heating,  sintering  occurs  only  within  the 
ceramic  regions  leaving  the  large  pores  unclosed.  The  values  slopes  of  the  log-log 
plots  of  the  density  charge  vs  time  curves  (n  %0.3)  indicate  that  sintering  occurs 
through  a  diffusion  process.  Higher  temperature  and/or  periods  of  soak  are  required 
for  the  occurrence  large  scale  of  diffusion  processes  to  close  the  pores.  The  green 
density  vs  fired  density  characteristics  (Fig.  3)  showing  the  linear  dependence  indicate 
the  inhomogeneous  densification  phenomenon  occurring  in  these  samples.  Similar  observa¬ 
tions  have  been  made  earlierfaand  were  attributed  to  the  same  phenomenon.  The  inhomo¬ 
geneous  densification  is  attributed  to  the  volume  changes  during  calcining  and  the  chemi 
cal  heterogenei ties  and  reaction  sintering  in  the  ceramic  regions  of  the  expanded  compacts. 


FIGURE  2.  Isothermal  sintering  studies  at  FIGURE  3.  Green  density  vs  fired  density 
1100°C.  characteristics. 
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The  percent  density  change  and  percent  shrinkage  as  a  function  of  sintering  temp¬ 
erature  is  shown  in  Fig.  4.  It  is  obvious  that  the  reactive  sintered  sample  undergoes 
enhanced  densification  up  to  'v-900°C  (15%  change  in  density  and  5",  linear  shrinkage). 

The  x-ray  analysis  of  quenched  samples  at  intermediate  temperatures  showed  the  decrease 
of  PbO,  PT  and  Zr02  contents  and  an  increase  ’n  the  PZT  content  and  sharpening  of  the 
PZT  peaks.  The  lower  value  of  the  activation  energy  (68  kJ/mole)  calculated  from  the 
slope  of  the  log  shrinkage  vs  1000/T  plots  also  indicates  the  enhanced  densifi¬ 
cation.  The  near  zero  slope  above  1150°C  also  confirms  that  densification  is  complete 
around  that  region.  The  microstructural  analyses  and  isothermal  sintering  data  showed 
no  evidences  of  fine  particle  sintering  such  as  rapid  particle  coarsening  and  densifi¬ 
cation  within  the  initial  few  seconds.  Hence,  the  enhanced  densification  is  possibly 
in  part  due  to  the  chemical  reactions  and  phase  transitions  occurring  at  the  final 
stages  of  PZT  formation  in  the  partially  calcined  starting  material.  Table  2 
illustrates  the  properties  of  reactive  sintered  samples  in  comparison  with  correspond¬ 
ing  standard  samples  of  the  same  composition.  The  effect  of  the  finer  grain 
structure  as  evidenced  from  the  micrographs  were  obvious  in  the  values  of  the  various 
electromechanical  properties  esp  dielectric constant,  d33  and  kp. 


FIGURE  4.  Dilatometric  and  density 
change  characteristics 
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TABLE  2.  Reectira  Sintering:  Electrooeehanical  Properties 


Calcining 

DenaitT 

K 

Tan  6 

Coop. 

and  Sintering 

l  Vec) _ 

•  d}J  1 
(pClT1) 

Q 

Conditions 

Green 

?  xr-d 

^OOKlIz 

CTTTr 

'IQG.xiZ 

P 

PZT 

60/40 

CAL:  840 
SniTsI" '0/1/2 

5.05 

7.84 

450 

440 

“35 

.04 

.025 

.021 

100/125 

0.35 
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PZT 
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SIBTsl'IC/1/2 

a. 96 

7.*5 

}90 

380 

386 

.008 

.009 

.010 

13Q/130 

0.41 
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401 

CAL:  "Aft 
SUIT:'"' 50/1/2 

4.30 
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.015 

.01} 

.013 

140/235 

0.41 

220 

401 

CAL:  P'C/S 
SIIITi1j:0/l/2 

".95 
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1060 

1050 

1112 

.015 

.003 

.010 

290/310  o.6c  215 

501 

CAL:  C40 

SUIT:  11 60/1/2 

A. 9" 

6.7} 

897 

096 

913 

.026 

.02} 

.027 

340/3*5 

0.44 

75 

501 

CAL:  ?r.0/6 
SINT: 1 300/1/2 

".33 

7.}0 

13*5 

1315 

1370 

.023 

.02} 

.036 

3ftO/345 
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SECTION  III 

PRACTICAL  INDUSTRIAL  DEVELOPMENTS  BASED  ON  CONTRACT  WORK 


1.0  PRACTICAL  INDUSTRIAL  DEVELOPMENTS  BASED  ON  CONTRACT  WORK 
1 . 1  Introduction 

Five  of  the  topic  areas  which  have  evolved  from  basic  studies  under  this 
contract  have  sparked  significant  industrial  interest  and  activity  towards 
developing  new  materials  for  specific  system  requirements.  Because  of  the 
competitive  nature  of  the  electronic  materials  industry,  specific  company  names 
will  not  be  disclosed  except  where  the  activity  has  built  up  as  a  result  of 
published  information  from  our  reports  and  is  not  directly  coupled  with  this 
laboratory. 


2.0  ELECTROSTRICTIVE  CERAMICS 

The  need  for  robust  ceramic  actuators  for  IR  surface  deformable  mirrors 
was  one  of  the  driving  forces  for  our  own  work  on  multilayer  ceramic  electro- 
strictors.  The  evolution  of  the  lead  magnesium  niobaterlead  titanate  family 
of  relaxor  ferroelectrics  provides  the  large  strain  capability,  low  hysteresis, 
freedom  from  aging,  low  thermal  expansion  and  dimensional  stability  which  was 
required.  In  cooperation  w'ith  industry,  we  have  provided  advice  to  build  up 
a  capability  for  tape  casting  PMN:PT  materials  in  a  suitable  form  for  several 
types  of  actuator,  and  devised  processing  methods  which  permit  reproducible 
fabrication  of  the  perovskite  structure  material  under  industrial  conditions. 

It  is  probable  that  this  material  will  find  major  use  in  a  number  of 
important  IR:optical  communication  systems  of  high  tactical  importance.  Proto¬ 
type  systems  using  PMN  have  already  been  constructed  and  perform  to  specifica¬ 
tion. 

In  parallel  with  the  optical  applications,  several  complementary  high  strain 
applications  which  could  exploit  the  tape  cast  multilayers  are  under  study  for 
electrostricti ve  pumping  of  cryogenic  gases,  and  for  low  voltage  high  drive 
level  bimorphs. 
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3.0  COMPOSITE  PIEZOELECTRICS 

Several  of  the  ideas  for  new  types  of  composite  structures  which  have 
been  developed  on  contract  funds  are  now  under  advanced  development. 

(a)  In  MRL,  work  is  in  progress  to  scale  up  the  3:1,  1:3  and  2:3  compo¬ 
sites  in  the  PZT: polymer  materials  to  provide  practical  size  sheets  which  can 
be  available  for  routine  evaluation.  The  exercise  is  difficult  as  the  compo¬ 
sites  are  of  a  type  which  would  lend  themselves  to  automatic  manufacture,  but 
are  exceedingly  tedious  and  time  consuming  to  assemble  manually.  Development 
does,  however,  afford  the  opportunity  to  test  a  wider  range  of  polymer  compo¬ 
nents,  and  to  develop  new  attacks  upon  the  problem  of  robust  flexible  electrodes 
to  retain  contact  to  these  highly  flexible  web  structures. 

(b)  Composites  of  PZT  and  polymers  are  in  extensive  development  in  Japan. 
Following  MRL  work,  Mitsubishi  Mining  and  Cement  Company  have  been  developing 
an  interesting  fine  scale  porous  PZT  with  excellent  3:3  connectivity.  NGK 
Spark  Plug  Division  have  been  using  the  connectivity  concepts  developed  on  this 
program  to  explain  the  performance,  and  improve  the  design  of  their  0:3  ceramic: 
plastic  composites  and  their  recent  PbTiO^  based  materials  are  certainly  competi¬ 
tive  with  PVDF  for  many  applications. 

(c)  Recently  we  have  been  solicited  by  a  major  polymer  company  to  under¬ 
take  joint  development  of  0:3  and  1:3  composites.  This  new  Uni versity: Industry 
coupled  program  has  just  started  up  and  promises  to  spur  development  of  the 
composites  in  the  USA  to  keep  better  pace  with  efforts  in  Japan. 

(d)  In  a  cooperative  program  with  Honeywell  Corporation  sponsored  by  ONR, 
the  laboratory  has  been  transferring  technology  for  the  tape  casting  and  fabri¬ 
cation  of  PZT  multilayers  for  multimorph  structures.  The  program  envisages 
currently  using  noble  metal  integrated  electrodes,  but  will  be  involved  also 
with  the  development  of  materials  and  processing  techniques  compatible  with 
high  silver  and  with  base  metal  electrode  systems. 


(e)  Higher  frequency  application  of  the  1:3  ceramic: polymer  composites 
are  now  being  jointly  explored  with  industry.  The  mode  structure  modification 
which  can  be  effected  by  suitable  choice  of  element  spacing  have  been  evaluated 
and  with  improved  fabrication  it  appears  that  the  composites  may  have  consider¬ 
able  promise  in  electromedical  acoustic  applications. 


4.0  PIEZOELECTRIC  GLASS  CERAMICS 

The  development  of  techniques  for  fabricating  oriented  polar  glass  ceramics 
using  an  active  phase  which  is  not  ferroelectric  opens  up  the  possibility  for 
making  a  new  generation  of  low  permittivity  piezoelectric  ceramics.  Applications 
for  these  materials  in  surface  acoustic  wave  filters  and  in  bimorph  structures 
are  now  being  formulated  with  a  major  US  electronics  company.  Initial  emphasis 
will  be  upon  scale  up  of  the  fabrication  process  using  a  number  of  innovative 
new  methods  to  form  the  glass  films  and  to  process  the  oriented  crystal  micro¬ 


structure. 
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5.0  NEW  FERROELECTRIC  CRYSTALS  FOR  ELECTRO-OPTICS 

Our  basic  studies  in  the  Pb-i^Ba^b^Og  family  of  tungsten  bronze  structure 
crystals  have  been  focused  upon  compositions  close  to  the  orthorhombic: 
tetragonal  morphotropic  phase  boundary  near  the  PbQ  gBaQ  ^20^  composition. 

The  objective  being  to  develop  the  full  thermodynamic  phenomenology  for  the 
bronze,  then  to  be  able  to  test  out  the  fit  with  experiments  in  a  system  where 
because  of  the  single  crystal  character  the  full  tensor  forms  of  e..,  d...  , 

1  J  1  J  K 

Qijkl’  etc'  can  be  exPl°rec*  and  the  more  sophisticated  optical  methods  used 
to  distinguish  domain  and  phase  boundary  motion  under  field  or  stress. 

It  appears,  however,  that  just  as  in  the  PZT  family,  morphotropy  leads 
to  exceptional  values  of  the  shear  coefficients  d^,  r41 ,  etc.  As  in  many 
tungsten  bronze  family  crystals,  it  appears  that  Pb1_xBaxNb206  may  have  tempera¬ 
ture  compensated  acoustic  properties.  A  joint  program  to  explore  these  materials 
and  their  device  applications  in  electro-optic  four  wave  mixing,  electro-optic 
modulation  and  acousto-optic  applications  is  now  under  way  with  a  major  US 
Industrial  Research  Laboratory. 

In  general,  it  has  been  interesting  and  exciting  for  the  participants  in 
this  ONR  sponsored  program  to  observe  a  strong  resurgence  of  interest  in  the 
USA  in  piezoelectric  materials,  and  an  increasing  demand  for  new  materials  with 
properties  more  directly  tailored  to  specific  device  requirements.  We  believe 
that  in  part,  we  have  helped  to  spark  some  of  this  resurgence.  It  has  been  a 
salutary  experience  to  participate  in  a  small  way  in  some  of  the  development 
efforts  and  to  realize  some  of  the  challenges  and  frustrations  of  moving  from 
a  well  documented  carefully  tested  research  proven  idea  towards  a  implementa¬ 
tion  of  that  idea  into  a  working  practical  transducer  ensemble. 
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6.0  PATENTS 

A  further  indication  of  the  practical  impact  of  the  work  may  be  guaged 
from  the  ten  invention  disclosures  which  have  been  submitted.  The  status  of 
patents  on  these  disclosures  is  summarized  in  Table  6.1. 
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1.0  TOPICS  AND  OPPORTUNITIES  FOR  FUTURE  STUDY 
1 . 1  Introduction 

In  this  section,  a  number  of  new  opportunities  and  new  areas  of  study 
which  have  been  uncovered  by  work  on  the  current  contract  will  be  discussed. 

From  our  studies  in  the  composites,  an  opportunity  which  clearly  must  be 
explored  is  the  possibility  of  using  a  ferroic  component  to  add  completely 
new  sound  damping  possibilities.  In  electrostriction,  there  is  still  urgent 
need  for  a  more  complete  microscopic  theory  and  a  vital  requirement  for 
reliable  values  of  electrostricti ve  parameters  in  simple  crystals.  For  prac¬ 
tical  application,  the  relaxor  materials  are  prime  candidates  and  combinations 
of  relaxors  could  provide  wider  temperature  ranges  of  operation  Studies  on 
the  present  contract  point  up  some  new  avenues  for  more  detailed  understanding 
of  present  PZT  materials,  both  theoretical  and  experimental.  The  demands  for 
finer  scale  and  exotic  shapes  in  the  composites  will  drive  new  needs  in  pre¬ 
parative  studies  and  the  urgent  need  to  intercalate  electrodes  into  larger 
monolithics  must  require  a  new  focus  upon  low  firing  or  alternative  processing 
to  give  compatibility  with  inexpensive  electrode  materials.  Grain  orientation 
promises  an  avenue  for  the  exploitation  of  lower  symmetry  ferroelectrics  and 
there  is  need  to  expand  the  family  of  techniques  for  realizing  these  fascinat¬ 
ing  intermediates  between  single  crystals  and  ceramics.  For  practical  purposes, 
electrodes  are  an  ever  present  problem  -  the  need  to  make  reliable  low  impedance 
contact  to  large  areas  of  flexible  composites  must  challenge  our  present  capa¬ 
bility  and  drive  new  needs.  Each  of  these  areas  will  be  briefly  discussed  in 
the  following  sections. 
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2.0  COMPOSITES  STRUCTURES 

2. 1  Creative  Techniques  for  Scale  Reduction 
In  the  1:3,  1:2:3,  3:1  and  3:2  composites,  it  has  been  possible  to  explore 

many  of  the  bounds  of  low  frequency  operation  using  scaling  which  has  permitted 
simple  processing  and  manual  assembly  of  the  composite  components.  For  the 
fiber  type  structures,  it  is  evident  that  with  reduction  in  scale  the  brittle 
ferroelectric  component  becomes  elastically  more  tolerant,  and  the  ferroelastic 
twinning  begins  to  impart  a  plasticity  so  that  fine  fibers  can  even  be  shaped 
in  the  fingers.  Extension  to  still  finer  scale  may  then  permit  the  use  of 
textile  techniques  like  3-dimensional  weaving  -  already  in  wide  use  with 
carbon  fibers,  to  provide  automatic  assembly  of  larger  structures.  It  may  be 
interesting  to  explore  new  finer  scale  extrusion  and  fiber  crystal  growth  to 
provide  the  fiber  base  for  1:3  and  1:2:3  transverse  reinforced  composites. 

2.2  Alternative  Polymer  Components 

Present  studies  have  focused  upon  just  two  families  of  polymers,  namely 
epoxies  and  polyurethanes  with  relatively  little  attention  to  bonding,  elastic 
properties,  etc.  Recent  studies  have  shown  that  much  improved  properties  can 
be  realized  by  improving  polymer:ceramic  bonding  and  there  is  real  need  to 
extend  studies  to  a  more  complete  series  of  polymers  and  polymer  alloys. 

2.3  Active  Matching  Layers 

The  ability  which  the  composite  structures  afford  for  the  exact  control 
of  density  and  acoustic  impedance  suggest  that  as  well  as  the  range  of  "stand 
alone"  transducer  applications  which  have  been  considered  heretofore,  it  may 
be  most  interesting  to  explore  the  possibility  of  using  the  PZT:polymer  com¬ 
posite  as  an  active  acoustic  matching  layer  on  more  conventional  ceramic  trans¬ 
ducers  . 


2.4  Ferro ic  Composite  Sound  Absorbers 


It  would  appear  that  sound  absorbing  materials  in  present  use  rely  pri¬ 
marily  upon  friction  or  internal  friction  losses  to  convert  sound  into  heat. 

In  the  ceramic: plastic  composites,  some  new  ways  of  effecting  conversion  suggest 
themselves.  For  systems  involving  a  ferromagnet,  it  is  well  known  that  moving 
a  magnet  through  a  conductor  generates  a  current.  If  the  conductor  is  short 
circuited,  the  current  generates  heat,  and  the  high  school  experiment  of  short 
circuiting  a  ballistic  galvanometer,  suggests  that  such  heat  generation  can 
give  rise  to  strong  damping  of  the  mechanical  motion.  In  some  ferroelectrics, 
the  piezoelectric  coupling  K33  exceeds  0.8  giving  efficient  conversion  of 
mechanical  to  electrical  energy  -  again  if  the  charge  generated  is  short  cir¬ 
cuit  through  a  good  conductor  strong  damping  can  be  reflected  back  into  the 
crystal.  Finally,  in  some  ferroelastics  the  coercive  stress  for  wall  motion 
is  exceedingly  small.  Since  the  wall  motion  is  hysteritic,  energy  is  lost  on 
each  stress  cycle  equivalent  to  the  area  of  the  stress:strain  loop.  It  would 
be  most  interesting  to  explore  the  efficiency  of  these  potential  sound  damping 
mechanisms. 

2.5  Model  Studies 

In  the  work  to  date  upon  composite  structures,  only  the  simplest  two- 
dimensional  models  have  been  used  to  give  insight  into  the  behavior.  It  would 
be  most  valuable  to  refine  these  theoretical  guidlines  by  a  more  detailed 
analysis  of  the  stress:strain,  polarization  and  field  for  the  true  three- 
dimensional  problem.  Using  finite  element  methods,  the  techniques  are  avail¬ 
able  for  the  study  of  such  problems,  both  under  static  and  dynamical  conditions 
for  the  most  general  case  of  viscoelastic  solids. 
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3.0  ELECTROSTRICTION 

3. 1  Microscopic  Theory 
An  achievement  of  the  current  program  has  been  the  development  of  a  real¬ 
istic  microscopic  theory  for  the  room  temperature  electrostriction  in  SrTiO^. 

A  problem  which  must  be  tackled  is  the  temperature  dependence  of  electrostriction 
which  in  the  oxide  perovskites  requires  as  a  prerequisite  a  quantitative  descrip¬ 
tion  of  the  mode  softening.  With  the  evolution  of  the  soliton  description  of 
the  ferroelastic  domain  wall,  an  interesting  topic  for  study  would  be  the  ferro- 
elastic  contribution  to  piezoelectricity  in  the  perovskite  crystals  and  ceramics. 

3.2  Basic  Experiments  in  Electrostriction 
The  challenge  of  measuring  the  true  electrostriction  in  simple  solids 

becomes  more  intriguing  with  the  evidence  of  extrinsic  frequency  dependence, 
and  of  the  sign  contradiction  in  the  first  measurements  by  converse  methods. 

It  will  be  necessary  to  mount  several  alternative  strategies  so  as  to  permit 
direct  measurement  by  at  least  two  independent  dilatometric  techniques  covering 
as  wide  a  frequency  range  as  possible,  and  by  careful  evaluation  of  the  con¬ 
verse  method.  One  is  tempted  to  wonder  whether  the  charged  dislocations  in  the 
alkali  halides  may  not  be  playing  a  role,  and  whether  the  electrostriction 
measurement  may  not  be  a  good  technique  for  obtaining  new  information  in  this 
field. 

3.3  Practical  Electrostrictors 

Clearly  the  new  relaxor  ferroelectric  materials  which  have  been  developed 
for  capacitor  dielectrics  and  are  compatible  with  high  silver  electrodes  are 
a  prime  topic  for  future  study.  The  many  families  of  lead  based  perovskites 
with  complex  composition  and  relaxor  character  offer  interesting  possibilities 
for  new  low  temperature  and  wider  temperature  range  electrostrictors  for  micro¬ 


positioner  and  for  direct  stress  measurement. 


The  outlines  of  a  fresh  phenomenological  theoretical  approach  to  electro- 
strictive  deformation  in  antiferroelectrics  has  been  given.  It  will  be  most 
interesting  to  develop  this  theory  for  the  full  three-dimensional  description 
of  the  deformations  at  anti  ferroelectric: ferroelectric  phase  transitions,  with 
the  strong  possibility  that  these  systems  may  provide  the  next  generation  of 
very  high  strain  electrostrictors. 

An  experimental  challenge  which  should  be  taken  up  is  the  assessment  of 
the  temperature  dependence  of  electrostriction  for  a  wide  range  of  perovskite 
and  of  tungsten  bronze  structure  ferroelectrics . 


4.0  CONVENTIONAL  PIEZOELECTRIC  CERAMICS 


4. 1  Theoretical  Description 

It  will  be  of  major  importance  for  making  an  effective  separation  between 
intrinsic  and  extrinsic  contributions  to  the  elasto-dielectric  response  in  PZT 
family  ceramics  to  continue  to  update  and  improve  the  thermodynamic  phenomeno¬ 
logical  description  of  the  single  domain  properties. 

Problems  which  are  tractable  and  could  be  handled  include: 

(a)  The  role  of  the  relaxor  character  in  PZTs,  at  compositions  near  morpho 
tropy  in  modifying  the  effective  Curie  constant  C. 

(b)  Extension  of  the  theory  to  include  the  oxygen  octahedron  'crumpling' 
in  the  rhombohedral  single  cell :multicell  transitions. 

(c)  Development  of  a  two  sub-lattice  model  for  the  polarization  so  as  to 
include  the  description  of  the  anti  ferroelectric  phase  compositions  near  PbZrO-j 

(d)  The  addition  of  a  third  dimension  in  the  phase  diagram  so  as  to  model 
the  interesting  PLZT  family  of  phases. 

4.2  New  Experimental  Studies 

Recent  measurements  by  Kawabata  in  Japan  suggest  that  the  X-ray  line  pro¬ 
file  in  the  high  temperature  cubic  phase  above  Tc  may  be  a  sensitive  indicator 
of  homogeneity  of  the  Zr:Ti  ratio  in  PZTs. 

Two  questions  now  could  be  answered: 

(a)  Can  the  homogeneity  (or  otherwise)  of  the  Zr:Ti  ratio  be  used  as  a 
"quality  indicator"  in  commercial  PZTs. 

(b)  Do  homogeneous  unpoled  PZTs  show  relaxor  behavior. 

It  would  appear  that  at  present  we  have  rather  good  explanations  for  the 
mechanisms  by  which  PZTs  can  be  hardened  (the  coercivity  increased  and  biased) 
but  no  good  explanation  of  why  donor  doped  PZTs  are  soft. 


A  basic  question  is  why  the  ferroelastic: ferroelectric  domain  structure 
can  be  so  readily  modified  at  low  fie’  -is  while  the  pure  ferroelectric  walls 
are  apparently  still  immobile. 

Do  the  defects  due  to  donor  doping  order  in  planar  arrays  and  break  up 
the  strong  forward  coupling?  Are  relaxor  doped  PZTs  softened  in  the  same 
manner?  Is  there  short  range  ordering  of  Z r : T i  at  compositions  close  to  morpho- 
tropy?  Do  all  PZTs  of  the  same  Zr:Ti  ratio  freeze  out  to  the  same  intrinsic 
electrical  and  electro-elastic  parameters  at  4°K. 

In  spite  of  their  longevity,  these  and  many  other  questions  are  still 
unresolved  for  the  PZT  family  and  clearly  require  additional  experimental  study. 


5.0  PREPARATIVE  STUDIES 


5.1  Organic  Methods 

Additional  work  on  the  newer  organic  methods  to  prepare  PZTs  with  minimum 
microstrain  above  Tc  will  be  most  desirable.  Extension  of  these  methods  to  pre^ 
pare  PbTi03  and  some  of  the  doped  PbTiO^  compositions  currently  under  study  in 
Japan  would  also  be  highly  desirable. 

5.2  Fast  Firing  Techniques 

With  the  detailed  understanding  of  the  calcining  reactions  in  the  PbTi03: 
PbZr03  system,  and  the  ability  to  form  a  range  of  metastable  phase  assemblages 
by  adjustment  of  the  calcining  process,  it  will  be  interesting  now  to  explore 
in  more  detail  the  later  densification  stages. 

The  high  microwave  losses  in  PZTs  suggest  that  microwave  heating  may  be 
an  interesting  mode  for  rapid  firing,  and  that  internal  temperature  gradients 
might  be  effectively  balanced  out  by  combining  microwave  and  radiant  heating. 

5.3  New  PbTiOj  Based  Compositions 

The  new  Ca  and  Sm  doped  PbTi03  are  obviously  interesting  materials  for 
their  remarkably  high  anisotropy  d^/d^.  Studies  to  elucidate  the  mechanism 
and  improve  the  performance  will  require  new  preparative  work  in  these  high 
PbTi03  families. 

5.4  Low  Firing  Relaxor  Combinations 

The  importance  of  developing  new  relaxor  ferroelectrics  compatible  with 
silver  or  high  silver  palladium  electrodes  has  already  been  stressed.  Further 
exploration  of  PbjGe30^  and  other  flux  systems  to  reduce  the  firing  tempera¬ 
ture  would  obviously  be  of  major  interest. 


293 


5.5  Grain  Orientation  Methods 

Clearly  grain  orientation  offers  perhaps  the  only  way  of  expanding  piezo¬ 
ceramics  with  high  coupling  beyond  the  present  range  of  perovskite  based  compo¬ 
sitions. 

A  major  task  must  be  to  explore  doping  schemes  in  the  tungsten  bronze  and 
bismuth  oxide  layer  structure  families  which  will  reduce  conductivity,  raise 
breakdown  strength  and  permit  effective  poling  of  these  high  Tc  materials. 


6.0  FLEXIBLE  ELECTRODES 


6.1  Contact  to  Composite  Structures 


The  high  flexibility  and  large  thickness  of  many  of  the  more  interesting 
composite  materials  places  unusual  requirements  onto  the  electrode  structure. 

Most  flexible  electrodes  use  polymers  which  are  non-conducting,  loaded  with 
carbon,  metal  particles  or  semi-conducting  grains.  The  loading  must  be  beyond 
the  critical  percolation  threshold,  but  the  resulting  conductivity  depends  in 
a  complex  manner  upon  shape,  size  and  shape  and  size  distributions  in  the  con¬ 
ductive  phase,  upon  the  bonding  to  the  polymer,  etc. 

No  system  that  we  have  so  far  been  able  to  obtain  commercially  is  completely 
suitable  and  clearly  additional  work  is  needed  to  improve  the  conductivity,  the 
bonding  and  the  flexibility  of  the  systems. 

6.2  Electrode:Dielectric  Interface 


Particularly  for  high  permittivity  dielectrics  such  as  the  electrostrictive 
relaxors,  the  interface  between  electrode  and  dielectrics  can  be  a  major  source 
of  problems.  Low  impedence  surface  layers  due  to  polishing  or  other  surface 
treatments,  improper  bonding,  intervening  second  phases  and  similar  problems 
can  reduce  efficiency  markedly. 

For  internal  electrodes,  the  formation  of  second  phases  by  interaction 
with  the  electrode,  delamination,  etc.  are  of  major  importance. 

In  view  of  the  many  systems  which  now  depend  on  the  efficacy  and  integrity 
of  both  external  and  internal  electrodes,  a  comprehensive  attack  on  the  contact 
problem  is  long  overdue. 
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SECTION  IV-B 

RELEVANCE  OF  THE  WORK  TO  OTHER  AREAS  OF  ELECTROCERAMICS 


1.0  RELEVANCE  OF  THE  WORK  TO  OTHER  AREAS  OF  ELECTROCERAMICS 
1 . 1  Introduction 

Many  of  the  topics  which  have  been  the  focus  of  major  interest  on  this 
contract  from  the  point  of  view  of  their  relevance  to  piezoelectric  transducer 
application  are  also  strongly  relevant  to  other  areas  of  both  theoretical  and 
practical  interest  in  electronic  ceramics.  It  is  the  purpose  of  this  short 
section  to  outline  some  of  these  interesting  interconnections  and  the  manner 
in  which  they  may  also  assist  the  'design'  of  new  materials  for  other  purposes. 
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2.0  ELECTROSTRICTION 

The  most  pressing  reason  for  our  interest  in  electrostriction  is  that  it 
is  the  basic  coupling  mechanism  between  dielectric  and  elastic  properties  in 
all  ferroelectric  systems  derived  from  centric  prototypes,  like  for  example  the 
piezoelectric  ceramics. 

Indirectly,  however,  one  could  list  a  host  of  ancillary  areas  in  which 
this  basic  coupling  plays  a  major  role  in  determining  properties  which  at  first 
sight  one  might  believe  to  be  unrelated.  Listing  just  some  of  the  more  important 

(1)  Grain  Size  and  Internal  Stress  Effects  in  Ferroelectric  Ceramics 


Since  lattice  strain  in  an  electrostrictor  is  ^i  jklP  kPj ,  spontaneously 

polarized  states  are  spontaneously  deformed.  In  a  randomly  axed  ceramic  sintered 
in  the  cubic  state,  spontaneous  strains  are  mutually  incompatible  leading  to 
complex  twinning  and  internal  stress. 

Consequences  of  these  effects  are: 

(a)  Grain  size  dependence  of  the  weak  field  permittivity  in  BaTiO^  ceramics. 

(b)  Changes  in  the  fracture  behavior  with  temperature  and  grain  size. 

(c)  Spontaneous  rupture  and  grain  ‘pop  out'  in  very  coarse  grained  PTC 
and  barrier  layer  ceramic  capacitors. 

(d)  Some  of  the  aging  phenomena  in  dielectric  and  piezoelectric  ceramics. 

(2)  Domain  Stabilization  Effects 

It  is  most  interesting  to  observe  that  in  the  perovskite  family  of  ferro- 
electrics  al 1  known  relaxor  compositions  have  rhombohedral  symmetry  in  the  poled 
'induced'  ferroelectric  state. 


Since  the  magnitude  of  spontaneous  strain  is  dictated  by  in  the  rhombo¬ 
hedral  symmetry  and  <  1/5  or  it  is  clear  that  the  stabilization 
effects  leading  to  first  order  change  in  cubic:tetragonal  transitions  is  much 
reduced  for  cubic: rhombohedral  changes,  i.e.,  it  is  much  easier  for  large  local 
polar  fluctuations  to  occur. 
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It  may  be  noted  that  in  tetragonal  tungsten  bronze  structures  and  Q31 
are  almost  an  order  smaller  than  in  perovskites  and  in  this  family  relaxor 
behavior  is  almost  the  rule  rather  than  the  exception. 

(3)  Polarization  Biased  Electrostriction 

In  multilayer  ceramic  capacitors,  the  thin  dielectric  gives  rise  to  large 
E  fields  at  low  bias  levels,  thus  electrostriction  can  induce  large  piezoelectric 
effects  in  capacitors  under  bias.  Such  unwanted  coupling  to  mechanical  behavior 
could; 

(a)  Generate  noise  from  mechanical  vibration. 

(b)  Propagate  cracks  in  the  dielectric  under  local  bias. 

(c)  Modify  defect  distribution  under  cyclic  AC  fields. 
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3.0  COMPOSITE  STRUCTURES 


The  models  of  phase  interconnection,  i.e.,  connectivity  give  a  new  insight 
which  may  be  applied  to  many  problems  involving  composite  materials.  Examples 
which  may  be  cited  include; 

(a)  Enhanced  secondary  pyroelectricity  in  suitably  interconnected  composites 

(b)  Tailoring  materials  to  exhibit  special  acoustic  or  electromagnetic 
absorption  characteristics,  as  for  example  in  the  Marks  fluids. 

(c)  Modification  of  magnetoelectric  response  in  composites  from  non¬ 
magnetoelectric  separate  phases. 
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4.0  RELAXOR  FERROELECTRICS 

Application  of  the  empirical  rule  of  constancy  of  the  Curie  constant  C  x 
electrostriction  constant  Q  (CQ  rule)  to  perovskite  lead  to  the  focus  upon 
relaxor  ferroelectrics  vith  large  C  but  small  Q  for  electrostricti ve  applica¬ 
tions  since 

x  =  QP2  *  Q  e2E2 

thus  if  CQ  (eQ)  is  constant  in  most  materials  since  e  occurs  to  second  power 
in  the  strain,  it  is  better  to  choose  crystals  with  low  polarization  strain 
coupling  as  electrostrictors  SINCE  MUCH  HIGHER  POLARIZATIONS  CAN  BE  INDUCED. 

Clearly  if  high  polarization  can  be  induced  at  low  fields,  relaxors  are 
also  prime  candidates  for  capacitor  dielectrics.  Coupling  the  fact  that  these 
Pb  containing  compounds  can  be  fired  to  high  density  at  low  temperature  and  are 
comparable  with  silver  electrodes,  dielectric  application  appears  most  likely 
and  is  indeed  active  in  Japan  and  China. 

Theoretically,  a  more  detailed  understanding  of  the  polarization  mechanisms 
which  give  rise  to  relative  permittivity  values  up  to  35,000  and  Curie  constants 
^•lO^  would  be  highly  desirable, as  if  the  mechanism  could  be  understood, fine 
tuning  might  be  possible  to  give  even  more  useful  dielectric  parameters. 
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5.0  PHENOMENOLOGICAL  THEORY 

For  many  ferroelectrics  of  high  practical  interest,  the  microscopic 
theories  to  deal  in  the  required  detail  with  the  higher  order  anharmonic  pro¬ 
perties  are  not  sufficiently  developed  to  be  of  major  practical  value  in  fine 
tuning  parameters  for  particular  application.  Phenomenological  theories  of 
the  Landau:Ginsburg: Devonshire  form  provide  an  elegant  framework  for  the  .. 
description  of  the  single  domain  intrinsic  elasto-dielectric  properties  from 
equations  whose  coefficients  often  mutate  only  slowly  with  composition  across 
wide  ranges  of  solid  solution. 

Systematic  application  to  the  ceramic  piezoelectric  and  dielectric  systems 

can; 

(a)  Assist  in  the  separation  of  intrinsic  single  domain  parameters  from 
extrinsic  domain,  defect  and  phase  boundary  dominated  properties. 

(b)  Provide  insight  into  the  parameter  changes  which  can  be  achieved  by 
fine  tuning  compositions  close  to  morphotropic  phase  boundaries. 

(c)  Give  basic  relations  from  which  to  deduce  potential  piezoelectric, 
elastic  and  electro-optic  parameters. 

The  method  provides  at  least  a  basis  for  the  organization  and  systemati¬ 


zation  of  the  rapidly  developing  data  base  for  dielectric, piezoelectric  and 
electro-optic  solid  solution  compositions. 
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6.0  PREPARATION  AND  CRYSTAL  GROWTH 

The  strong  programs  in  powder  preparation,  classification,  formulation, 
tape  casting,  extrusion,  calcining,  sintering,  uniaxial  and  isostatic  hot 
pressing  and  other  ceramic  preparative  techniques  provided  the  springboard 
from  which  to  develop  programs  covering  a  wide  range  of  electronic  ceramic 
requirements,  and  in  particular  to  respond  to  the  needs  of  the  ceramic  capacitor 
industry  in  the  formulation  of  programs  for  a  National  Dielectrics  Center. 

Single  crystal  growth  is  an  essential  complementary  skill  required  for  the 
development  of  samples  which  permit  the  full  panoply  of  elastic,  dielectric, 
optical  and  structural  evaluation  tools  to  be  used  to  unravel  the  complex 
property  tensors  in  the  lower  symmetry  ferroelectric  and  ferroelastic: ferro¬ 
electric  species.  Both  crystal  pulling  from  the  melt,  and  flux  growth  are 
essential  for  the  range  of  oxide  and  non-oxide  ceramics  which  are  of  high 
practical  interest  for  electronic  applications. 
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